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CHAPT ER 1 
INTRO D U CTION AND BACKGROUND 
Steel structures are considered as the first alternative when large spans, small 
sections, good seism ic performance, short construction t ime and environmentally 
friendly materials are requ ired. However, such structures may deteriorate and lose 
part of thei r  strength as a result of unfavorable environmental conditions or 
undes i rable load ing behavior. S ince quite some t ime, technology introduced new 
polymeric materials which possess h igh strength-to-weight ratio and can remarkably 
improve the strength of the structural elements with less t ime and effort. During the 
last decade, several attempts were carried out to study the composite effect of the 
Carbon F iber Reinforced Polymers (CFRP) and Glass F iber Reinforced Polymers 
(GFR P) strips when bonded to structural steel elements using epoxy as a glu ing 
material. However, reported research work with bonded FRP ( i .e .  CFRP or GFRP) 
strips revealed that failure of strengthened steel elements is primarily attributed to the 
unfavorable brittle failure of the adhesive at the steel-FRP interface. The current study 
is mot ivated by the need to investigate the improvement in the load carrying capacity 
of steel beams when strengthened with mechanically anchored FRP lam inates. Both 
experimental and numerical methods are uti lized in conducting the study in order to 
assess the efficiency of the current strengthening technique. 
Thi s  chapter includes six sections that start by presenting the problem to be 
investigated, the scope of work to be followed and the m ethodologies to be adopted 
during the execution of the research. The report organizat ion and the contribution of 
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the study to the structural engineering fie ld are then detai led. Final ly and for 
completion, the chapter proceeds by presenting a background regarding the structural 
stee l and FRP materials as wel l  as the conventional and modem strengthen ing and 
retrofitt ing techniques lIsed for enhancing the performance of steel beams. 
1 . 1  PROBLEM STATEM ENT 
Strengthen ing and retrofitt ing of structural e lements has been one of the major 
concerns i n  the Civ i l  Engineering appl ications worldwide. This interest evol ved as a 
resul t  of the huge number of structures that suffer from ageing, harsh environmental 
cond itions, increase of the service load, change of the intended function and 
undesirable construction pitfa l l s  and errors. The necessity for developing the current 
strengthening methods can be better c larified by knowing that almost 49,000 steel 
bridges in  the USA and Canada were c lassified as structural ly deficient, whi le 
approxi mate ly 3 6,000 were considered as functiona l ly obsolete as reported by (Loud 
and K l iger, 200 1 ) . Replacement of such bridges is not regarded as a preferred 
practical solution due to the involved costs and the associated negative impact on the 
traffic for pro longed periods. A lthough conventional strengthening techn iques are sti l l  
used i n  enhancing the performance of  the exist ing structures, the new fiber rei n forced 
polym er (FRP) materials have been gradual ly invading the Civ i l  Engineering market 
due to their superior mechanical properties and re latively low gross cost. The use of 
these composite materia ls is  expected to rise in the infrastructure appl ications with a 
rate of approximately 3 5% [Shaat et a l . ,  2003 ] of which the bridges sector constitutes 
the h ighest proport ion. The main reason of favoring the FRP materia ls over their 
conventional counterparts is due to the cost savings resu lting from decreasing the 
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project durat ion reducing the labor costs, m in im izing the equipment demand and 
avoid ing the long tramc di erts in some cases. 
The idea of strengthen ing stee l beams with mechanically anchored FRP 
lam inates emerged as a consequence of the successfu l  appl ication of th is technique in 
re inforced concrete e lements. The favorable duct i le behavior and the significant 
increase in the carrying capacity of the strengthened concrete sections opened the 
doors widely for researches to conduct further investigations in this field. However, it 
was noticed from reviewing the l i terature that applying the mechanical strengthening 
of steel beams with FRP lam inates has not been examined unti l  the t ime of writ ing 
th i s  thesis. Therefore, an extensive research program was carried out in order to 
identify the interfacial composite behavior and the strength gain of the strengthened 
beams using this novel techn ique. 
1.2 OBJECTIVES OF THE STUDY 
The main object ive of the current research work is  to ident ify the appl icabil ity of 
strengthen ing steel beams with FRP lam inates us ing the mechanical ly anchored 
technique. The work starts by conducting experimental and numerical testing of 
mechanical ly anchored stee l-FRP connections with various configurat ions. These 
con figurations are se lected in order to invest igate the influence of three main 
parameters; namely are the sheared edge distance, ro l led edge distance and spacing 
between bolts on the behavior of the connect ion. A major outcome of this phase of the 
research is the establ ishment of the load-s l ip  models that are capabJe of describing the 
i nterfac ial behavior of the connect ions taking into consideration the d ifferent fai lure 
modes. The research then proceeds by experimental ly testing several beams  
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strengthened with mechan ical ly anchored FRP lam inates with d ifferent lengths and 
th icknesses. The tests aim to explore the potential enhancement in the response of 
strengthened beams. Bes ides, the influence of varying FRP length and thickness on 
the yield capaci ty, ult imate flexural strength and associated fai l ure modes of the 
strengthened spec imens is assessed. The accuracy of the load-s l ip models proposed 
earl ier in th i s  study is verified by ut i l izing them in modeling the tested beams using 
the fini te e lement technique. Numerical predictions of the load-deflect ion re lations 
and the stra ins induced in stee l section and FRP lam inates are compared with the 
corresponding experimenta l measurements. The c lose agreement between numerical 
resu Its and their experimental counterparts provides a val idation of the accuracy of the 
load-s l ip mode ls  proposed in the study. 
1.3 SCOPE OF THE STUDY 
The current research work includes two main phases deal ing with mechanically 
anchored steel-FRP connections and beams. The first phase focuses on investigating 
the performance of mechan ical ly anchored stee l-FRP connections by conduct ing a 
series of d i rect shear tests on double lap stee l-FRP specimens with d ifferent FRP and 
fasteners configurations. The load-sl ip curves at the stee l -FRP interface were 
identified for the tested connection configurations. Such curves were then uti l ized in  
the development of three dimensional fin i te e lement models capable of s imu lating the 
i nterfacial behavior and the overa l l  response of stee l-FRP connections. The scope of 
the second phase is d irected to the assessment of the effectiveness of the flexural 
strengthening of stee l beams using mechanical ly anchored FRP lam inates. Th is phase 
involved both experimental and numerica l investigations. The geometrical and 
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mechanical propert ies of the steel beams were selected to provide suffic ient shear 
carry ing capacity to ensure that a l l  spec imens fai l  in bending. The main concern was 
to investigate the efficiency of the current novel strengthen ing technique in enhancing 
the load carrying capacity of the stee l beams using anchored FRP lam inates. 
1 .4 METHODOLOGY AND APPROACH 
The current research work includes experimental and numerical investigat ions. 
The experimental investigation is  broken down into two main stages. The first stage 
a ims to ident ify the interfacial behavior between stee l and FRP through shear tests to 
several stee l -FRP lap connections. Recorded measurements of the appl ied load and 
the associated i n-plane disp lacements provides necessary information related to shear 
and beari ng fai lure mechanisms that govern the behavior of the connection at the 
stee l-FRP interface. The experimenta l  phase proceeds with the second stage in which 
the behavior of ful l -scale steel beams strengthened with mechanica l ly anchored FRP 
lam inates is  studied. This stage inc ludes test ing of three control steel specimens in  
addit ion to  eight strengthened steel beams wh ich are tested i n  a three-point load ing 
setup. During these tests, stra ins are measured using several strain  gauges attached to 
the crit ical locations on the steel section and the FRP lam inates. I n  addition, the m id­
span deflection is monitored using a l inear variable d isp lacement transducer (L VDT) 
that i s  p laced at the central point of the bottom flange of the beam. Recorded 
measurements, along with the corresponding appl ied loads, enable tracking of the 
behavior of the control specimens and the strengthened assembl ies. To assess the 
influence of the FRP length and th ickness and the fasteners' layout on the behavior of 
5 
the strengthened beams, different FRP and fasteners configurat ion are used in the 
eight strengthened beams. 
The numerical investigation involves developing three d imensional non l inear 
fin i te e lement models of the tested connections that account for the interfacial 
behavior identi tied based on the experimental outcomes of the first phase of this 
research .  F in ite e lement s imulation is carried out using the soph isticated general 
purpose finite e lement software package ANSYS (2009). The accuracy of the 
developed finite e lement model is verified based on comparison with relevant 
exper imenta l  findings. Additional ly, a fi nite e lement model for anchored stee l-FRP 
beam systems  is ut i l ized to val idate the accuracy of the load-s l ip models proposed in 
the fi rst phase of the study in  s imulat ing FRP-to-steel interfacial behavior. 
Comparison between the observations of the ful l-scale beams test ing and the 
numerical predictions is used as a basi s  for this val idation. The proposed load-sl ip 
models should serve as tools to faci l itate accurate prediction of the enhancement in  
load carrying capacity of steel beams strengthened with mechanica l ly anchored FRP 
lam inates. 
1.S ORGANIZATION OF THE REPORT 
This thesis consists of five chapters. Deta i led information on the contents of each 
chapter is provided herein . 
Chapter 1 provides a background about the materials used in the current research 
program and the structural strengthening methods in the Civ i l  Engineering 
appl ications. The chapter proceeds by discussing the research problem statement, the 
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objecti es of conduct ing the study, the scope of the experimental and numerical work, 
the methodologies in executing the research, the thesis organization and final ly a 
glance about the contribution of this study to the structural engineering field. 
Chapter 2 introduces the conducted I iterature review of previous publ ished 
research work related to: ( 1 )  the behavior of concrete-FRP and stee l-FRP connections, 
(2) the u e of externa l ly bonded and mechanica l ly anchored techn iques in 
strengthen ing re inforced concrete beams and (3) appl ication of the externally bonded 
FRP strips to steel beams. 
Chapter 3 presents the experimental and numerical work conducted on bolted 
stee l-FRP lap connect ions. The chapter describes the experiments and deta i l s  of the 
obtained resu lts which are presented as load-displacement curves and strain 
measurements. Deta i led description of the current non- l inear load-sl ip models related 
to the steel-FRP interfacial behavior is a lso provided. F ina l ly the chapter i l lustrates 
the nonl i near fin ite e lement model that was developed based on the load-sl ip  models 
obta ined from the experimental findings to accurately predict the anchored stee l-FRP 
assembly. 
Chapter 4 discusses in deta i l s  the experimental work related to the three-point 
flexura l  tests that were conducted in  order to examine the performance of ful l-scale 
stee l beams  when strengthened with mechan ical ly anchored FRP lam inates. I t  
presents the influence of  the FRP  lam inates length and th ickness on  the strength gain 
and composi te behavior of the specimens. The chapter presents also a verification of a 
fin i te e lement model that has been developed in  a concurrent research study for the 
s imu lat ion of stee l beams strengthened with mechanically anchored FRP laminates. 
At the end, the chapter draws a comparison between the numerical stress and strain 
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d istributions in the stee l beams and the anchored FRP lam inates versus the obta ined 
experimental resul ts. 
At the end of the thesis, chapter 5 presents conc lusions regard ing the interfacial 
behavior of the stee l-FRP partial composite behavior of the mechanica l ly anchored 
spec imens. Conclusions related to the effectiveness of FRP lam inates in strengthen ing 
stee l beams using the mechan ica l ly anchored technique are also drawn. The chapter 
provides recommendations for future research work based on the findings of th is 
study. 
1 .6 STUDY CONTRIBUTION AND I NNOVATION 
This study aims at fu l l  understanding of the composite behavior of mechanica l ly 
anchored stee l-FRP e lements by means of experimenta l and numerica l programs. Th is 
objecti ve was achieved by perfonning a series of d irect-shear tests on bolted stee l­
FRP connections of d ifferent configurations as wel l  as flexural tests on strengthened 
beams  wi th various lengths and thicknesses of FRP laminates. Studying the composite 
behavior of steel beams strengthened with mechanical ly anchored FRP lam inates is a 
novel topic that was not addressed in  previous researches and therefore the current 
research work enriches the l iterature with a new techn ique in  strengthen ing structural 
stee l elements. Outcomes of the study are expected to provide rational design 
recommendations to help produce safe and economic design of composite stee l-FRP 
systems. These recommendat ions are expected to contribute to the development of a 
design code for mechanically anchored steel-FRP beams. 
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1 .7 BACKG ROUND 
Th is sect ion presents a discussion on the main construction and strengthen ing 
materials used in relevant research studies. Besides, the various strengthen ing and 
retrofitt ing techn iques of stee l beams are briefly introduced. 
1 .7. 1 Materials 
There is  no doubt that se lection of construction materials depends mainly on their 
mechanical propert ies and durabi l ity. With the fast evolut ion of technology, the 
conventional construction materials are enhanced and new ones are being developed. 
In order to better improve the structural system, it becomes practical to combine 
d ifferent materials together so that they work in a composite action by wh ich one 
material covers the l im itations of the other. The introduction of the fiber re inforced 
polymers (FRP) to the Civi l  Engineering appl ications has encouraged the researchers 
to deeply i nvestigate their influence when used with other conventional materials such 
as structural steel .  Several appl ications of external ly bonded FRP strips to steel beams 
have shown promis ing results. The current research focuses on strengthen ing steel 
beams w ith mechanica l ly anchored FRP laminates. Therefore, a discussion regarding 
the structural steel and the FRP m aterials i s  presented in this section to provide a 
background about their properties. 
1.7. 1 . 1  Structu ral Steel 
Structura l  steel is one of the most commonly used materials in the construction 
i ndust ry worldwide. I ts earl iest production in the Un ited States took place in the year 
1 908 as the first wide-flange beam was manufactured for construction purposes. The 
superior characteristics that th i s  material possesses al lowed it to invade the 
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construction market rapidly lead ing to a renaissance in the architectural and structural 
designs .  The main ad antages of structural steel as a bu i lding material include its high 
strength,  un iform ity, elastic ity, duct i l ity and toughness. The strength of the steel 
material with respect to its unit  weight is considered to be relatively h igh compared to 
other conventional materials. This results in reducing the dead load and increasing the 
pans of the structures. The un iformity of the steel and its abi l ity to mainta in  its 
mechan ical and physical properties with time enable the designers to understand and 
pred ict i ts exact behavior. The design assumptions and calcu lations when dea l ing with 
stee l structures are more accurate and rel iable than the assumpt ions used for other 
construction materials. Steel material is also considered to be very duct i le as it can 
w ithstand large deformations before fai l i ng under h igh stresses. This provides a c lear 
identification on the status of the structure and whether it is safe or not. A l so, steel is a 
tough material that owns both h igh strength and h igh duct i l ity so that it can resist h igh 
loads even under large deformations. It i s  argued that if steel structures are maintained 
properly, they wi II last for a very long period of t ime without the need for demol ition . 
The stee l material is thought of as the first choice when speed of work and sav ings i n  
labor cost is  a priority. I t  i s  one of the friendl iest materials to the environment and it 
can be recyc led too many t imes to reproduce new sections from the scraped ones. On 
the other hand, steel has some d isadvantages that would l im it its usage under some 
c i rcumstances w ithout considering preventive precautions. For instance, steel is 
vulnerable to corrosion especia l ly in humid environments s ince i t  is a h igh ly e lectrical 
conducting materia l .  In addi tion, i t  i s  very sensit ive to fire and its strength i s  
remarkably reduced when exposed to  h igh temperatures for relative ly small period of 
t ime .  The strength of the steel material a lso decreases due to fatigue caused by the 
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stre s reversals being appl ied on the e lement [McCormac, (2008) and Salmon et. aI., 
(2009)] . 
The structural steel propert ies are sign ificantly l inked to its chemical composition 
and the heat treatment it receives during the manufacturing process. Structural steel is 
mainl  composed of iron al loys that are easy to form in their molten stage. I t  i s  in  
general made of i ron ore, coa l, and l imestone. Once these materials are put into the 
blast furnace, pig i ron wi l l  be fonned which has a m ix of iron, carbon, manganese, 
sulfur, phosphorus, and s i l icon . The types of steel that are used in hot rol led 
appl ications are carbon stee ls, h igh-strength low- al loy steel and al loy stee ls. Carbon 
stee l i s  c lassified into four categories depending on the percentage of carbon; low 
carbon ( less than 0 . 1 5%); m i ld carbon (0. 1 5% - 0.29%), medium carbon (0.30% -
0 .59%); and h igh carbon (0.60% - 1 .70%). As the percentage of carbon increases, the 
yield stress of the steel increases and its duct i l ity decreases. H igh-strength low-al loy 
stee l s  have yield stress from 275 M Pa to 480 M Pa. I n  this type of steel there are smal l  
amounts of al loy elements that increase the strength during cool ing fine elements i n  
the steel .  The al loy e lements include chrom ium, columbium,  copper, manganese, 
molybdenum, nickel, phosphorus, vanadium, or zirconium.  High-strength low-al loy 
stee ls  are used in normal ized condit ion without any heat treatment. Heat-treated 
cond itional a l loy stee ls  may be quenched (rapid cool ing with water) and tempered 
(reheating) to obtain  yield strength of 550 M Pa to 760 M Pa .  This type does not have a 
wel l-defined yield point. They are weldable with proper procedure [ McCormac, 
(2008)] . 
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1 .7. 1 .2 Fi ber Rei nforced Polymers 
Fiber re inforced polymer (FRP) also known as fiber re inforced plastic, is a 
re lat ively new composite material that is currently used in the Civ i l  Engineering 
appl icat ions such as rehabi l itation of existing structures and constructing new ones. 
The FRP materia ls are composed basica l ly of fibers that are embedded in an adhesive 
res in .  The funct ion of the fibers is to provide the strength and stiffness to the FRP 
material, whi le  the resin transfers stresses between the fibers and protects them from 
being damaged. The common fibers used in  the fabrication of the FRP lam inates 
inc lude carbon, glass and aramid; whereas the adhes ive matrix is  composed of 
veinylester, polyester thermosetting p last ic or epoxy. The composite FRP materials 
are an isotropic wh ich means that the mechanical properties are extremely dependent 
on the orientation of the fibers p lacement. In some cases, addit ives are added to the 
composite material in order to fac i l itate their fabrication and enhance their  durabi l ity. 
FRP materia ls are characterized by their h igh strength-to-weight ratio, h igh durabil ity, 
h igh corrosion resistance, h igh fat igue resistance, ease of insta l lation and efficient 
anti-se ism ic  behavior. However, these materials have some drawbacks including their 
weak resistance to fire, brittle behav ior, re latively h igh materia l cost and lack of 
detai led design codes [Nozaka, et aI . , (2005) and Stol l, et aI., (2000)] .  
There are many techniques used in the manufacturing process of  the FRP 
composites that vary i n  the ir  complexity and adaptabi l ity. The basic concept in the 
fabrication methods is  e ither to embed fibers in the wet resin during processing or to 
use pre- impregnated shapes in which the fibers and the resin are combined. These 
manufacturing methods inc lude hand spray-up, press-molding with heated matching 
d ies, vacuum molding, autoclave molding res in transfer molding, reinforced reaction 
i njection molding, fi lament winding and pultrusion (Smallman and B ishop, 1 999). 
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One of the most commonly used fabrication techn iques of the FRP material is the 
pultru ion process as it al lows the production of cont inuous lengths of the fibers with 
contro l lable profile shapes. A brief d iscussion regarding the three main types of FRP 
materials used in the Civ i l  Engineering appl icat ions is  presented in the following 
subsections. 
1 .7. 1 .2 . 1 Ca rbon Fiber Rei n forced Polymers (CFRP) 
Carbon fiber material, also known as graphite fiber, is composed of extremely 
th in fibers whose main component is carbon atoms. The diameter of each one of these 
fibers ranges between 0 .005 mm to 0 .0 1 0  mm.  The carbon atoms are combined 
together to fonn a crystal a l ignment extended in the longitud inal d irect ion of the fiber 
resu lt ing in a h igh strength . Thousands of these tiny fibers twist together to form a 
yarn that is woven during the manufacturing process with other fi laments in the 
presence of a matrix resin to produce the CFRP fabric (Smal lman and B ishop, 1 999). 
The CFRP materials are characterized by their h igh tensi le strength that ranges 
between 600 M Pa and 3,688 M Pa. They have considerable h igh modulus of e lasticity 
that varies from 1 03 OPa to 5 79 OPa. They have low density ( 1 ,800 kg/m3) and very 
h igh strength-to-weight ratio (ACI 440. 1 R-O l ). They are found to be very efficient in 
res ist ing flexural and fat igue loads. Thei r  impact resistance and wear behavior are 
cons idered adequate for nonnal structures. One of the drawbacks of the CFRPs is that 
they are e lectrical ly conductive which may result in the formation of galvanic ce l l  
when they are in  d irect contact with metal l ic materials causing corrosion in it iation 
(Salama and Abd-EI-Meguid, 20 1 0). 
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1 .7. 1 .2 .2 Glass Fi be r  Reinforced Polymers (GFRP) 
Gla s fiber material, a lso cal led fiberglass, is  fabricated from very fine fibers of 
s i l ica-based glass. The process of producing these fibers is  carried out by extruding 
thin strands of gla s into fi laments of smaller d iameters ranging from 0.009 mm to 
0.0 I 9 mm that are suitable for texti le processing. There are several types of fiberglass 
used in the manufacturing process of the GFRP materials that vary in their modulus of 
e lastic ity tensi le strength and/or a lka l i  resistance. The most commonly used ones are 
the E-glass, H-glass, S-glass and A R-glass that have d ifferent chemical compositions 
from one another but with s i l ica being the main constituent in  all of them (Smal lman 
and B ishop, 1 999). 
The GFRP fabrics have tensi le strength varying from 482 MPa up to 1 , 585  MPa 
with low modulus of e lasticity in  the range between 35 GPa to 5 I GPa. They have 
low density of only 1 , 700 kg/m3 and h igh strength-to-weight ratio in  resisting both 
tension and compression appl ied load (Ae! 440. 1 R-O l ). When using an appropriate 
th ickness to carry the exerted loads, the GFRP laminates are considered as being 
e ffective i n  res isting the flexural and fat igue loads. They have good impact and wear 
res istance compared to other structural materials such as steel and reinforced concrete. 
These materials are not e lectrical ly conducting which prevents galvan ic cel ls  from 
in i t iati ng when contacted directly with any other electrical ly conductive material such 
as steel .  One of the d isadvantages of these materials is their insuffic ient abi l ity to 
resist a lka l i  environmental condit ions. 
1 .7 . 1 .2.3 A ra m id Fiber Rein forced Polymers (AFRP) 
Aramid fiber materials are wel l  known to the Engineers by their commercial 
name such as Kevlar, Nomex and Technora. The word "Aramid" is  derived from 
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" Aromatic Polyamide" phrase. Accord ing to (Smal lman and B ishop, 1 999), the 
Aram id fibers are fabricated by the reaction betvveen an am ine group and a carboxyl ic 
ac id hal ide group. These fibers are bounded into larger fi laments wh ich are woven 
together to form the unique text i le  of the AFRP materials .  
The AFRP fabrics are characterized by re latively high tens i le strength that 
reaches values from 1 ,724 MPa to 2 537  MFa. They have modulus of elastic ity that 
varies between 4 1  OPa and 1 25 OPa. They have very low density compared to other 
FRP materials with a value of 1 ,350  kg/m3 (AeI 440. l R-O l ). AFRP fabrics have high 
strength-to-weight ratio in carrying tensi le load and smal l  capabi l ity in resist ing 
compressive forces. This type of FRP materials is very effic ient in  resisting impact 
load ing and wearing behavior. They have adequate resistance to fatigue loading on 
the long-term period. S im i lar to the OFRP materials, they are not electrical ly 
conducting and therefore no concerns related to galvanic corrosion arise when being 
in  d i rect contact with metal l ic  materials. The main drawbacks of these materia ls are 
their h igh abi l ity to absorb moisture, the ir  rapid degradation by ultraviolet l ight and 
the d ifficu lties that take place when cutting through them . 
1 .7.2 Strengthening and Retrofitt ing Tech niq ues of Steel Beams 
Several strengthening and retrofitt ing techniques have been developed s ince 
the i ntroduction of stee l as a construction material in  the Engineering appl ications. A 
lot of researches were conducted to improve the methods of strengthening steel beams 
as they const itute a major component of the structural system. The need for such 
strengthening is  to enhance the performance of the beams and make them more 
durable to the loading and environmental cond itions with re latively low cost. The 
main conventional methods that are being widely used encompass shorten ing of span, 
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enlargement of sections, external prestressing and introduct ion of composite sections. 
Another ne, method that has been appl ied on real structures and proved its re l iabi l ity 
is  the use of externa l ly bonded FRP strips. Al l  these methods are used as efficient 
subst itute in  term of cost and t ime for rehabi l i tat ing the structures w ithout replacing 
the ent ire beam. 
Replacement of the steel beams can be used in order to mit igate some 
problems or to improve the performance of the entire structural system .  According to 
Kla iber et. aL,  (2004), this method is very cost ly as it requires removing the damaged 
portion of the entire beam by cutting through it and compensating this gap by welding 
a new steel section. The use of th is method in rehabil i tating the structural system is  
not recom mended as the first choice as it involves a lot of work in the field that may 
resu l t  i n  l im it ing the use of the entire structure unt i l  the deficient beams are total ly 
rep laced. 
An alternative way of strengthening steel beams is  shorten ing the span by 
add ing in termediate supports such as columns, purl ins, diagonal braces or even wal ls .  
Th i s  method i s  effective in increasing the load carrying capacity and reducing the 
deflection of the beam by converting the single span into two or more shorter 
cont in uous spans. However, it should be verified that the strengthened beam is  
capable of resisting the negati ve moment generated over the new supports. A lthough 
it is recommended to I imit  the use of the structure being strengthened by this method, 
it is sti l l  appl icable to carry out the construct ion work with lower d isrupt ion and less 
t ime compared to the replacement method [Kla iber et. aI., (2004)] .  
A nother strengthening techn ique is  en larging the section of the steel beam by 
weld ing additional e lements such as steel plates or channels. In many cases, the steel 
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plates can be welded to the desired parts of the steel beam even when it is in  use and 
res isting the appl ied loads [Newman, (2009)] .  The stresses induced in the beams need 
fir t ly to be assessed and determ ined in order to make sure that whether it is necessary 
to provide temporary supports during the welding process or not . The reason of this 
condit ion is  that we lding produces heat caus ing parts of the beam and the 
strengthen ing plates to melt and become soft and consequently the beam becomes 
weaker and it may col lapse if it i s  not supported by other means. Th is method of 
strengthening is relatively easy and consumes less worki ng t ime compared to the 
previously ment ioned techniques. However, there are several drawbacks for this 
method. For instance, it requires heavy l ift ing equipment to handle the heavy 
strengthening stee l members during the erection process. Also, the dead load of the 
en larged section becomes larger due to the own weight of the newly attached member 
which may resul t  in a considerable reduction in i ts effectiveness. The added steel 
plates are also susceptible to corrosion in case of using this techn ique to strengthen 
stee l beams placed in a corros ive environment. In some situations, weld ing may 
increase the fat igue problems resulted from the inappropriate appl ication. 
One of the efficient but not widely used methods for strengthen ing is the 
external prestressing of steel beams. A lthough the first appl ication of this techn ique 
was o ld and dated back to the year 1 85 1 , it was not commonly used in strengthening 
stee l members as opposed to re inforced concrete structures. The appl ication procedure 
of th i s  strengthen ing method can be summarized in three steps which are defining the 
prestressing cables profile, p lacing these cables in their positions and exert ing a 
tension force to the re inforcements with jacks and t ighten i ng them. This method is 
economical in  terms of materials and time savings. I t  was shown by Masul lo and 
Nunziata, ( 1 999) that a 1 5% reduction in the section s ize can be achieved to carry the 
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arne appl ied loadings. The increase in capacity of the steel beam in  resisting both 
ten ion and compression stresses is governed based on the design itself. 
The principle of composite action between steel beams and reinforced 
concrete e lements is man ipulated as an efficient and widely used construction method. 
This composite action is  evolved by integrat ing the steel beams with the re inforced 
concrete slab being supported on them so that they form one structural entity. Th is 
interaction between the two materials  enhances the overa l l  stiffuess of the composite 
beam and consequently increases its load carrying capacity and reduces i ts deflect ion. 
By adopt ing th i s  technique, i t  was argued that 20% to 30% savings in  the weight of 
the steel material can be ach ieved. Therefore, it i s  recommended to use the composite 
beams  whenever poss ible s ince the only extra instal lation requirement is to weld shear 
connectors at the beam's compression flange to effic iently attach the re inforced 
concrete slab to the beam by resisting the longitud inal s l ip and vertical separation 
between them. However, the appl ication of this technique to strengthen a l ready 
erected steel beams is difficult as it requ i res major construction changes and in many 
cases it may not be a pract ical method [Johnson, (2004) and Korkess et. aI . , (2009)] .  
The production of h igh performance materials, such as the fiber re inforced 
polymers, has contributed to the development of new strengthening techniques by 
benefiting from their superior mechanical and physical properties. The i ntroduction of 
composi te action between stee l beams and FRP materials has been adopted 
successful ly as an efficient strengtheni ng method. In the Civ i l  Engineering 
appl i�ations, th is technique was main ly manipu lated in strengthen ing of unweldable 
stee l girders, retrofitt ing of corroded steel beams and repairing of fat igue damaged 
riveted connect ions. The best FRP material that possesses the opt imum compatible 
mechanical properties with structural steel is fabricated from carbon fibers 
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( i .e. CFRP). The reason of this becomes evident due to their h igh modulus of 
ela t ic ity compared to other types of fibers .  The appl ication of the CFRP is  very 
e ffic ient because of the negl igible weight of the FRP plates compared to their steel 
counterparts that leads to the same strengthening resu lts. The current appl ication 
methods invol  e bonding the FRP lam inates to the tension flange of the steel beams 
u ing epoxy-based adhesives. The main d isadvantage of this technique is the 
unfavorable brittle fa i l ure mode that could occur either due to rupture of the FRP 
lam inate or as a result of i ts debonding [Buyukozturk et. aI., (2004), Lenwari et. aI . ,  
(2006) and Chen et . aI . ,  (2008)] .  
The current study investigates the efficiency of strengthening steel beams 
using mechan ical ly anchored FRP lam inates by determin ing the poss ible modes of 
fai lure and the effect of certain  parameters such as the length and thickness of the 
used FRP  laminate on the response. This first step in studying th is novel strengthening 
technique would provide other researchers with a strong basis for their studies to 
deeply explore the effectiveness of th is method to be used in practical Civ i l  
Engineering appl ications. 
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CHA PTE R 2 
LI T E R A  T U RE R EV I E W 
2 . 1  I NTRODUCTION 
F iber Reinforced Polymers (FRP) are considered as relatively new composite 
materia ls that possess superior mechanical properties over their trad itional 
counterparts such as steel and other al loys. The use of these composites has evolved 
s ince the Second World War in m i l itary and aerospace appl ications as a consequence 
of the urgent needs of the modem societies at that period of time. Due to the 
technology revolution that emerged in the reconstruction period, FRP was 
manufactured with re lat ively low prices and enhanced qual ity in terms of the strength­
to-weight ratio and corrosion resistance. This made it possible, from the practical 
point  of v iew, to use the FRP composites in the rehabi l i tation of the c iv i l ian structures 
l ike bridges and bui ld ings. S ince that t ime unti l now, cont inuous researches have been 
carried out in order to find out d i fferent innovative techn iques in strengthening the 
d i fferent structural e lements and to assess their performance when exposed to various 
loading  types and environmental conditions. 
This chapter rev iews the experimenta l ,  analytical and numerical studies that 
were executed in an attempt to investigate the behavior of the FRPs in strengthening 
rei n forced concrete and steel beams in a historical order. The discussion is  presented 
in several sections beginning with a description of the interfacial behavior between 
FRP and re inforced concrete and steel joints. Th is is fol lowed by detai led presentat ion 
of the conducted researches on external ly bonded FRP lam inates to re inforced 
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concrete (RC) beams and stee l beams.  F inal ly, research on mechan ically anchored 
FRP lam inates to RC beams is presented. 
2.2 CONCRETE-FRP CONNECTIONS 
The behavior of of concrete-FRP connections has drawn the attention of many 
researchers over the last decade. Table 2 . 1 summarizes the major research work on 
concrete-FRP connect ions. 
Lu et a t .  (2004) examined the debond ing behavior between CFRP sheets and 
concrete prisms numerical ly. The study was conducted using MSC.MARC Software 
to develop a finite element model based on extremely smal l e lements size that fal l  in 
the range of 0.25 mm to 0.5 mm. The reason of using such meso-scale elements was 
to enhance the accuracy of the obtai ned resu lts. The computational t ime of the 3 D  
model of  the concrete-FRP bonded joint was reduced by assuming a plane stress 
condi tion and using four-node isoparametric elements. The compression part of 
concrete was defined as an elasto-plast ic material and the tension part was modeled 
based on the smeared crack approach .  The resul ts obtained from this model showed a 
very good agreement with previous experimenta l  resu lts [Ueda et a l .  ( 1 999) and Wu 
et a l .  (200 1 )] in terms of the u l t imate load, effective bond length, stra in d istribution 
and crack patterns. A method for examin ing the concrete-FRP interface based on the 
local bond-s l ip curve was expla ined in sight of the numerical results. It was conc luded 
that the debondi ng behavior i n  these prisms was caused mainly by the progressive 
formation of cracks and their influence on weakening the entire joint. 
An experimenta l  study re lated to the influence of the geometrical and material 
propert ies on the bonding behavior between re inforced concrete prisms and CFRP 
lam inates was carried out by McSweeney and Lopez (2005) .  The study included 
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test ing 42 spec imens prepared by bonding concrete blocks with d imensions of 1 27 x 
1 27 x 254 m m  to FRP strips using epoxy-based material with three bonding lengths 
(76.2, 1 52 .4 and 203.2 mm), three bond ing widths (25 .4, 50 .8 and 76.2 mm) and 
di fferent th icknesses of FRP strips. Half of the concrete blocks were casted to reach a 
concrete compressive strength of 3 5  MPa whi le the remaining half reached a strength 
of 46 M Pa. These specimens were loaded in a single-lap pu l l -out test setup in which 
the FRP str ips were pul led from the concrete blocks unti l fai l ure. The analysis of the 
obta ined load-strain curves revealed that the effect of the concrete compressive 
strength was of low sign ificance on the fai lure load. It was found that increasing the 
bonded lengt h  and width, and the thickness of the FRP strips resul ted in  improvement 
of the u l t imate capacity of the specimens. The width of the strips had the h ighest 
impact on increasing the ult imate capacity of the bonded specimens but this parameter 
was l i m i ted by the width of the concrete blocks bei ng retrofitted. The observed fai lure 
modes were extremely bri tt le as interpreted by the large release of energy. Th is was 
ind icated by the spl itt ing of the CFRP in the longitudinal fiber d irection in part of the 
specimens the transverse cracking in  the epoxy of other spec imens and the tom 
fragments from the concrete blocks. 
In 2005, Fae l la et al. provided s impl ified models and empirical relationsh ips 
for descri bing the i nterfac ial behavior in the bonded system between concrete blocks 
and CFRP strips. The analyt ical model was verified by testing 20 specimens of the 
same w idth and d i fferent bonding lengths that varied between 50 m m  and 250 mm by 
s ingle-lap pu l l -out tests. These models were s imulated by assuming uncoupled models 
for shear and normal stresses in order to s impl ify the analys is without affecting the 
accuracy of the resu lts. The analytical model confirmed the results obta ined 
experimenta l ly regarding the influence of bond length and the modes of fai lure that 
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took place .  It was found that spec imens retrofitted with longer FRP strips exhibited 
superior enhancement over those attached to shorter ones. The fai l ure modes were of 
brittle nature and can be c las ified as e ither peel ing fai l ure or ripping fai lure. The 
former mode is indicated by removing a thin concrete layer (I mm) in contact with 
the adhesive, wh i le the latter is characterized by removing part of the entire concrete 
cover ( 1 0  - 20 m m). 
A recent research work was carried out by Elsayed et al. (2009) in order to 
explore the behavior of the fastening system used in connect ing FRP laminates to 
concrete blocks. The experimental investigation was carried out using 23 specimens 
w ith various configurations and fasteners types. The average compressive strength 
and tensi le strength of the concrete blocks were 42. 1  M Pa and 3 .5 M Pa, respect ively. 
The FRP lam inates were composed of carbon fibers main ly to increases the ir  stiffness 
and sandwiched by glass mats that enhances the bearing strength of the strips. The 
FRP lam inates were cut to d imensions of 650 x 50 x 3 . 2  m m  and fastened to concrete 
prisms with d imensions of 1 50 x 1 50 x 400 m m  using e ither shot or screwed fasteners 
wi th d ifferent configurat ions. These spec imens were tested by fixing the concrete 
prisms and applying tension to the FRP in a disp lacement-control led manner with a 
rate of 0 .5 m m/min .  Fai lure in  these connections took place due to bearing in the FRP 
lam inates, bending of the fasteners and local crushing of the concrete around the 
fasteners. The results showed that using screwed fasteners is  more effic ient than using 
shot fasteners to mechan ical ly attach the FRP laminates to concrete members. This 
has been attributed to the immed iate local cracks near the shot fastener positions 
leading to undesirable pul lout of these fasteners as the appl ied load increases. A 
numerical model was also prepared to invest igate the interfacial behavior of the 
m echanical ly fastened system in re inforced concrete beams and it showed a 
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sign ificant enhancement in the flexura l  carrying capacity of the d ifferent 
configurat ions of the fasteners. 
A very recent study by Mart ine l l i  et al. (20 1 1 )  examined the interfacial 
behavior of mechan ically fastened concrete prisms and composite FRP lam inates. The 
research work was carried out experimenta l ly by testing 1 0  spec imens in d irect-shear 
test. Each spec imen was fabricated from 1 50 x 200 x 470 mm concrete block having a 
compressive strength of 30 M Pa and attached to FRP laminate of unique 
configuration by means of screwed fasteners having a d iameter of 6 mm and a shank 
length of 4 . 5  mm.  Each distribution pattern had two staggered rows of screws in order 
to m i n im ize the shear lag effects result ing from the use of a single row of fasteners. A 
n umerical model was developed based on the experimental results i n  order to better 
invest igate the stress-s l ip re lat ionship of the concrete-FRP system . I t  was concluded 
from the interfacial behavior of the mechanical ly fastened system that the dominant 
fai lure mode was bearing deformation at the location of the holes in the FRP 
laminates accompanied by cont inuous rotation of the fasteners and sl ight concrete 
c rushing at the holes. The fasteners d iameter was noticed to be of s ign ificant impact 
on the capac i ty of the joints and the study recommended further investigation of this 
parameter i n  future research work. 
2.3 STEEL-FRP CONNECTIONS 
A summary of the research work on bonded steel-FRP connections d iscussed 
in th i s  section is summarized in Table 2 .2 .  A research study by M i l ler et a l .  (200 1 )  
invest igated the load transfer mechanism and the optimum lap length in  the bonded 
systems of stee l plates reinforced with CFRP cover plates from both s ides. Six 
speci mens were used in the experimental program by bonding 37 x 5 .25 x 457 m m  
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CFRP plates to 38  x 1 2 . 7  x 9 1 4  mm steel plates u ing different adhesive types. The 
tensile test was applied to the specimens with a con tant strain rate of 1 3 .4 kN/min 
until failure. The test results revealed that almost the entire force was transferred 
between the steel and the CFRP within a 1 00 mm region near the edges of the CFRP 
laminates. This conc lusion was confirmed by another study by Lam et al . (2004) who 
have experimental ly tested 1 2  specimens with various lap lengths and adhesive types. 
They found that extending the bond length from 1 00 mm to 300 mm had insignificant 
influence on the bond strength of the stee l-CFRP bonded joint but it improved its 
ductility. Regarding the thickness of the CFRP laminate, it was observed that the 
tension strength of the bonded system increases as the thickness increases provided 
that a l l other parameters are maintained. 
A study was conducted by EI Damatty and Abushagur (2003) based on both 
experimental and analytical programs to explore the performance of bonded steel­
GFRP connections with detailed examination of the shear and peel stiffness of the 
adhesive. The experimental program was carried out by testing 20 specimens formed 
by bonding GFRP plates to hol low rectangular steel sections using methacrylate 
adhesive system . The steel section was made of grade M300 and it had dimensions of 
2 1 0  x 2 1 0  x 1 3  mm,  while the GFRP plates had dimensions of 1 1 0 x 1 00 x 1 9  mm.  
The steel section was fixed and compressive loading was applied to  the GFRP plates 
in a displacement control led manner with a rate of 0.5 mmlmin. The test resu lts 
manifested that a l l  specimens behaved in the same manner as observed from the trend 
of the load-deformation curves and the brittle failure mode in the adhesive layer. An 
analytical model was derived in which the adhesive material was modeled as an array 
of vertical and lateral springs whose constants were determined experimental ly. Both 
in-plane and out-of-plane displacements and strain measurements of these joints were 
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eri fied agai nst experimenta l results. The derived analyt ical model was also shown to 
pro ide accurate pred ict ion of the ult imate carrying capacity of the connect ions. 
Sabrina et al. (2006) stud ied the mechanical behavior of double-shear bonded 
lap spl ice between CFRP sheets and steel plates. Both experimenta l and numerical 
programs  i nvest igated the load-deformation relat ionship and the stra in d istribution 
along the connections. Four spec imens were prepared by bonding two 2 1 0  x 50 x 5 
m m  steel plates together with CFRP sheets of d ifferent bond ing length using epoxy 
resin from both sides. The tests were conducted by applying tension to the specimens 
using a un iversal testing machine with a tensi le loading rate of 2 m m/min .  The results 
showed that increasing the bonding length  resulted in increasing in the u ltimate 
carrying capaci ty of the connection unt i l  a spec ific length was reached beyond which 
no enhancement in the tensi le strength could be detected. The effect ive bond length 
was further i nvest igated by measuring the strain d istribution in the CFRP sheets along 
the bonded length in the direction of the appl ied load. The strain reached i ts h ighest 
value a long the bonded length at the loaded edge of the specimen and kept decreasing 
gradua l ly on the loaded side at locations c loser to the other load-free edge of the 
CFRP sheet unt i l  it reached almost zero at a length value equals to the effect ive bond 
length .  
A n  i nnovative bonded steel-CFRP lap connect ion was introduced by 
EI-Emrani  and K l iger (2006) in  order to investigate the debonding behavior at the 
interfacial  surface between the two materials. The typical lap connection was 
fabricated by attaching two CFRP strips to the faces of a steel coupon, which had a 
dog bone shape, by an adhesive material . The reason of using this tapered shape for 
the stee l coupon was to s imulate the gradual development of yielding in  the tens ion 
flange of steel beams at locations away from the plastic h inge zone. By observing the 
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fai lure modes in these spec imens, it was concluded that the onset of debonding cou ld 
in i t iate at the center of the bonded region instead of the ends of the plates when using 
tradit ional CFRP fabrics and re latively st iff adhesive of low strain capacity to 
fabricate the joint . I t  was also not iced that h igh shear stress concentration was i nduced 
near the center of these connections due to the enormous level of ine last ic strains 
produced from steel yielding at that location. A fin ite e lement model was used to 
evaluate the stress d istribut ion along the specimens. I t  was found that the maximum 
shear stress values in  the typical stee l -CFRP connection reached their peak at  the 
center of the specimen wh ich resulted in debonding at the center of the joint instead of 
its ends. 
2.4 STRENGTHEN ING OF REINFORCED CONCRETE (RC) BEAMS WITH 
EXTERNALL Y BONDED CFRP AND/OR G FRP STRIPS 
The performance of re inforced concrete (RC) beams strengthened with bonded 
CFRP plates to their soffit was invest igated experimenta l ly by Nguyen et a l .  (200 1 )  
based on CFRP plate length, reinforc ing steel ratio and concrete cover th ickness. The 
specimens consisted of ten re inforced concrete beams of 1 20 x 1 50 mm cross section 
and 1 500 m m  length ;  one unstrengthened control specimen and nine spec imens 
strengthened with CFRP plates. These beams were tested under four-point bending 
after two weeks from strengtheni ng. Strain  gauges were attached to the concrete 
surface, steel bars and CFRP plates at d ifferent locations to study the strain 
d istribution . The experimental resul ts showed four fai lure modes in the strengthened 
beams; flexural fai lure, ripping of bonded concrete cover, shear fai lure in the bonded 
material and a hybrid mode of shear fai lure and ripping. It was noticed that ripping of 
concrete cover was the most common fai lure mode observed and it can be prevented 
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by l im it ing the strain at the transi tion point of the composite zone of the CFRP plate. 
It \ as a lso perceived that trengthening the concrete beam with more CFRP plates 
significantly improves its ult imate flexural capacity. The study was concluded by 
pre ent ing a composite model to predict the concrete ripping fai lure mode based on 
the composite beam theory in combination with the strain l im it wh ich can be 
determ ined based on bond tests for any CFRP and adhesive combinat ion. 
In 2004, Buyukozturk et al. conducted an extensive l iterature review 
concerning the d ifferent types of fai lure modes that could occur in RC beams when 
strengthened with FRP materia ls. The review showed that the flexural fai lure 
mechani sms  vary based on several strengthening parameters such as FRP length, FRP 
thickness, adhesive type, adhesive th ickness and surface preparat ion . These fai lure 
mechan isms included crush ing of concrete in compression prior to yielding of the 
re inforc ing steel, yielding of steel before FRP rupture, yielding of steel fol lowed by 
crushi ng of concrete in  compression, delam ination of the concrete cover and 
debonding of the FRP fabric. Buyukozturk et al. (2004) reported that iin order to 
make fu l l  usage of the strengthen ing system, the debonding fai l ure mode needs to be 
avoided s ince i t  is  brittle and occurs at relat ively low loading values as stated earlier 
by Me ier and Kaiser ( 1 99 1 ) . That type of debonding fai l ure was extremely influenced 
by both the amount of steel re inforcement and the FRP laminates used in  
strengthening the  sect ion [Ritchie e t  a l .  ( 1 99 1 )  and Garden e t  a l .  ( 1 997)] .  Moreover, 
Saadatmanesh and Ehsan i ( 1 990) showed that the inappropriate choice of the bonding 
material caused premature debonding i n  the retrofitted member. In another study, 
Garden et a l .  ( 1 997) found a d irect relationsh ip between increasing the FRP thickness 
and the potential of having a debond ing fai lure in the strengthened specimen. 
Furthermore, the effect of FRP length on the debond ing in it iation was invest igated by 
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Taljsten ( 1 999) who conc luded that there is a relat ionsh ip between increasing the FRP 
lam inate length and the poss ibi l ity of having debond ing mode of fai lure. 
In 2002, Buyle-Bodin et a l .  exam ined numerica l ly the influence of externally 
bonded CFRP plates on the flexural perfom1ance of reinforced concrete beams. They 
used the fin ite e lement method to mode l previously tested seven strengthened RC 
beams w ith d imensions of 1 50 x 300 mm and span length of 2,800 mm.  The 
compressive strength of those beams at the age of test ing was 40 MPa and the yield 
strength of the steel re inforcement was 500 M Pa. The CFRP lam inates were 1 .2 mm 
thick and 50  mm wide and they had tens i le strength of 2,400 MFa and Young's 
modu lus of 1 50 OPa. The beams were tested in four-point loading setup with d i fferent 
number of CFRP layers attached to the i r  soffit. The experimental results showed that 
retrofitt ing the beams with one layer increased the u lt imate capaci ty by 55% and 
adding another l ayer enhanced it by 75%. Th is indicated that increasing the thickness 
of the CFRP laminates causes significant enhancement in the u lt imate carrying 
capac i ty and stiffness of the RC beams.  Also, it was observed that cracks 
development was noticeably influenced by the addit ion of CFRP plates as more load 
was required to develop the first crack. The numerical fin ite e lement model was 
verified against the experimental results and was able to predict the behavior of RC 
beams  strengthened with bonded CFRP plates. 
S im i lar to other researches, Kotyn ia et al. (2008) investigated the influence of 
external ly bonded CFRP strips on the flexural strength of reinforced concrete beams. 
The study inc luded both experimenta l  and numerical phases that aimed at identifying 
the parameters that could affect the intermediate debonding crack and enhance the 
flexural carrying capacity of the beam. The experimental phase was conducted on 1 0  
RC beams with span of 4200 mm, width of 1 50 mm and depth of 300 rum .  The beams 
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were strengthened with various CFRP configurations including narrow strips, wide 
trips, U-shaped lam inates and L-shaped laminates. Test results revealed that a l l  
speci mens fai led by intennediate debonding crack between CFRP strip and RC beam 
that propagated to one of the supports. As the specimens were tested in a four-point 
loading setup, the cracks in  the RC beam were sign ificant ly concentrated in  the 
m iddle part of pure bending. I t  was observed that bonding double layers of CFRP 
sheets with an extra V-shaped lam inate along the soffit of the beam produced the most 
effective enhancement of the flexural capacity. The debonding behavior was 
significant ly dependent on the width of the CFRP strip used as the debonding 
interface was few m i l l imeters in  the thin concrete cover in  case of narrow strips and 
along the steel reinforcement in  case of wide strips. A non l inear finite e lement model 
was prepared to predict the fai lure modes and the ult imate strength of the retrofitted 
beams.  The results of the fin ite e lement model showed good agreement with the 
exper imenta l  results. 
Abdel Baky et a l .  (2007) used the finite e lement method to study the flexura l  
behav ior of re inforced concrete beams strengthened with FRP sheets before and after 
crack in it iation. The predictions of the finite e lement model were verified against 
previously obtained experimental results of 25 specimens retrofitted with d ifferent 
configurations of FRP lam inates. The ult imate flexural carrying capacity was 
estimated with h igh accuracy for a l l  specimens with an average error of only 3% 
relative to the experimental resul ts. I t  was found in  view of the finite e lement model 
that as the appl ied load exceeds the load required for first yielding of tension stee l 
re i nforcement, the maximum values of the bond stresses transferred from the FRP 
plate ends towards its center. I t  was also observed that debond ing took place at the 
flexura l  cracks near the ends in short FRP strips and near the concentrated load in 
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long F RP strips. Th is was interpreted in terms of shear stress d istribution at the 
debonding interface. The influence of steel re inforcement ratio on the interfacial shear 
stresses was sign i ficant as increasing this ratio from 0.46% to 3 .3% resulted in 60% 
increase in the induced shear stresses at the same load ing value. 
Sayed-Ahmed et al .  (2009) performed an extensive l i terature review on the 
performance of bonded system behveen FRP strips and reinforced concrete e lements 
focusing on the bond strength and the various debonding modes. Accord ing to 
B iz indavy and Neale ( J  999) and Chajes et a l .  ( 1 996), proper surface preparat ion and 
better concrete qual ity s ignificantly enhance the bond strength. To roughen the 
surface and to obtain  the requ i red exposure conditions, several methods can be 
manipulated such as mechanical grinding, sandblasting, grit-blasting, power washing 
and vacuuming. Triantafi l lou et a l .  ( J  992) reported that weak layers and loose 
part ic les in the bonded surface of the concrete members should be avoided in order to 
increase the bond ing strength .  The major factors that affect the composite action and 
bonding strength between the concrete and the FRP were investigated in many other 
research works such as Chen and Teng (200 1 ), Veda et al. (2003) and Yuan et a l .  
(2004). I t  was stated that the main s igni ficant factors include the compressive strength 
of concrete, bond length of the FRP material, axial stiffness of the FRP laminates, 
F RP-to-concrete w idth ratio, axial adhesive stiffness and compressive strength of the 
adhesive. The research work carried out by Arduini  and Nann i  ( 1 997), Maalej and 
B ian (200 1 ), Rah im i  and Hutch inson (200 1 ), Teng et a l .  (2002), Hosny et a l .  (2006) 
and Esfahani et al. (2007) revealed that the fai l ure modes in the RC beams retrofitted 
by FRP could be c lassified into two main categories. I f  fai l ure took place after 
reach ing the expected ult imate load at fu l l  composite action ( i .e. no debonding), then 
one of three possible modes were expected to occur based on the reinforcement ratio 
3 1  
and shear strength of the beam. These modes were reported to be tensile rupture of the 
FRP lam inate, concrete crushing before or after yielding of flexural steel and shear 
fai lure of the concrete beam .  On the other hand, if the expected ult imate load was not 
reached, then the fai l ure mode wou ld be debond ing of the FRP laminates. Summary 
of the major investigations d iscussed in this section is presented in Table 2 .3 .  
2.5  STRENGTHENING OF RC BEAMS WITH MECHANICALLY 
ANCHORED FRP LAMINATES 
Lamanna et al . (200 I) investigated the perfonnance of RC beams strengthened 
with FRP lam inates using powder fasteners by testing smal l -scale and large-scale 
speci mens. The first phase of that research inc luded 35  smal l -scale square RC beams 
that had width, depth and span dimensions of 1 52 m m, 1 52 mm and 1 ,2 1 9  mm, 
respectively. In that study, d ifferent types of fasteners, various kinds of CFRP strips 
and d ifferent strengthening configurat ions were adopted. The maximum increase in  
the  y ie ld  and u lt imate moments came up to  be 36% and 30% with respect to  the 
control spec imen, respectively. In the second phase of the study, 1 5  large-scale 
rein forced concrete beams having dimensions of 305 x305 x 3,658 mm and span of 
3 ,3 53  m m  were tested in four-point flexural setup by changing the same parameters 
perfonned on the small-scale beams. The results showed a maximum increase in the 
yield strength of 1 4% and maximum rise in  the ul t imate flexural capacity of the 
section by 20%. 
The perfonnance of powder fasteners to attach FRP lam inates to the soffits of 
RC beams  was further invest igated by Lamanna et al. (2002). The behavior of the 
strengthened beams  was examined experimentally and analytical ly. The experimental 
program was executed by test ing n ine reinforced concrete beams of T cross-section 
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and hav ing cross-sectional d imensions of 1 524 mm, 203 mm, 305 mm and 762 mm 
for flange width, flange height, web width and total height, respectively. It was 
observed that increasing the thickness of the FRP lam inate resulted in a sign ificant 
improvement in the yield ( i .e .  load at first yield of steel re inforcement) and ult imate 
moment capac ities of the strengthened sections. The yield moment increase was 8% 
and 1 1 .7% for beams strengthened with one FRP strip wh i le the increase in the 
u l t imate moment was 1 4 .4% and 27 .7% for beams strengthened with two strips. The 
analytical model developed in the study confirmed the same findings of the 
experimental results with a maximum error of 7%. 
Bank and Arora (2006) i nvestigated the performance of mechanica l ly 
anchored FRP strips in strengthening RC beams. The main objective of the study was 
to formulate an analytical model that can est imate the flexural capac i ty of the 
retrofitted beams  and to predict the most probable mode of fai l ure based on certain  
parameters such as the number of FRP layers and the type of fastener used. A 
concurrent experimental program was carried out to verify the resu lts obtained from 
the analytical model by test ing four 508 x 508 x 7,320 mm RC beams in four-point 
load ing setup. The results revealed a ducti le mode of fa i l ure in the strengthened 
speci mens by yielding of the flexural steel reinforcement fol lowed by concrete 
crushing at h igher loading values than the control specimen. Detachment of the FRP 
laminate was not observed prior to concrete crushing. A good agreement between the 
analyt ical model and the experimental resul ts was ach ieved in terms of predicting 
both the u l t imate flexural capacity of the beams and the expected fai l ure mode to 
occur. 
A recent study conducted by Martin and Lamanna (2008) discussed the 
i nfluence of fasteners arrangement pattern, number and the spacing between them on 
33 
the flexural perfonnance of the mechan ica l ly fastened system of re inforced concrete 
beams. The experimental work included test ing of six beams having square cross­
sect ion of 304.8 x 304.8 mm and c lear span of 3 ,350 mm in a four-point load ing 
setup. A special type of FRP lam inate, wh ich is  fabricated of both carbon and glass 
fibers in a veinylester resin, was used in the retrofitt ing process. The results showed 
sign ificant impact of the current strengthening techn ique on the flexural strength of 
the re inforced concrete beams as indicated by the 1 2% to 39% rise in their u lt imate 
capaci ty and the negl igible loss in their duct i l ity. I t  was found that for the same 
number of fasteners, the behavior of the strengthened beam varies with the variation 
of  the d istribution pattern of these fasteners. 
I n  2009, Lee et a l .  investigated the flexural and s l ip behaviors in re inforced 
concrete beams retrofitted with mechanical ly fastened composi te CFRP-GFRP 
laminates. The study was composed of both experimental and analytical phases. The 
experimental part was conducted in two stages involv ing connections pu l l  off tests 
and beams flexural tests. The typical connection was made of 260 x 1 30 x 1 30 m m  
concrete block attached to 3 5 5  x 2 5  x 3 m m  FRP laminate using one o r  two nai ls  of 
3 .5 m m  diameter and 32 mm in length in order to determ ine the shear capacity of 
these j oin ts .  On the other hand, the reinforced concrete beams had a c lear span of 
1 ,520 mm,  depth of 200 mm and w idth of 1 50 mm.  Part of these beam specimens 
were tested under three-point loading scheme and the remaining ones were tested 
under four-point loading setup. The influence of the fasteners length and the existence 
of anchorage system near the CFRP plates' ends were examined. It was observed that 
the fai l ure mode in all spec imens happened by yielding of the flexural steel 
re i nforcement fol lowed by sequential concrete crushing at the compressive s ide 
concurrent with cont inuous de lam ination of the FRP lam inate. The width of the 
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cracks in the RC beams wa progressively increasing with raising the appl ied load 
causing the nai ls to rotate along the CFRP lam inate. The governing mode of fai lure 
was bearing damage in the CFRP lam inate causing its s l ippage and rotation of 
fasteners relative to the bottom s ide of the beams. It was concluded that using 
anchorage fasteners near the edges of the lam inate and providing longer fasteners 
along the CFRP strip resulted in improving the strengthen ing efficiency and duct i l ity 
of the retrofitted sections. 
A research work was conducted by Napol i  et al. (2009) to study the behavior 
of rei nforced concrete one-way slabs retrofitted with mechanically fastened composi te 
FRP laminates. The main objectives of that study was to examine the efficiency of the 
mechan ical ly fastened system compared to the external ly bonded technique, to 
investigate the effect of fasteners distribution pattern and to examine the influence of 
the F RP lam inates lengths on the overa l l  behavior of the specimens. I n  order to 
achieve these goals, an experimental program was carried out by testing six reinforced 
concrete one-way s labs under four-point loading scheme. Four s labs were retrofitted 
w ith F RP laminates mechanica l ly by fasteners, one was bonded to FRP laminate by 
epoxy and the remaining one was tested as a control spec imen. These specimens had a 
c lear span of 3,048 m m  and cross-sectional d imension of 305 x 1 54 mm.  The test 
results revealed that the gai n  in the yield strength of the retrofitted specimens varied 
from 1 5 .4% to 23 . 1  %, whi le  the gain in u lt imate capacity ranged from 30.9% to 
58 .6%. It was also shown that increasing the length of the FRP lam inates improves 
the capacity of the strengthened sect ions. 
In 20 1 1 , Ebead invest igated experimental ly the behavior of reinforced 
concrete beams when retrofitted with e ither mechan ical ly fastened or hybrid 
mechanical ly fastened FRP lam inates. The main d ifference between these two 
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methods is that in the hybrid system,  epoxy was injected in the holes in order to 
enhance the attachment of the lam inate and to hinder probable corrosion in the 
fa teners. The experimental program was carried out in a four-point load ing setup 
u ing twenty one beams with d i fferent FRP laminates lengths and various fasteners 
d istribution patterns. Al l  spec imens had a c lear span of 2,250 mm and rectangular 
cross-sect ion of 250 mm in depth and 1 50 mm in width . It was noticed that the 
ul t imate flexural capacity of the spec imens retrofitted with the hybrid mechanica l ly 
fastened system was h igher than their counterparts strengthened with the trad itional 
fasten ing method. However, they experienced less duct i l ity than the other group of 
speci mens. Regarding the influence of the length of the FRP laminates, it was found 
that extending the fibers along the entire span resulted in superior enhancement of the 
strengthening system due to the sufficient development length that prevented the 
detachment mode of fai lure and provided better uti l ization of the FRP strength.  Table 
2 .4  represents a brief summary related to the research work that was carried out to 
invest igate the behavior of RC beams strengthened with mechan ical ly anchored FRP 
strips. 
2.6 STRENGTHENING OF STEEL BEAMS WITH EXTERNALLY BONDED 
FRP STRIPS 
An experimental study was performed by Sen et al. (200 1 )  to explore the 
appl icabi l ity of using CFRP lam inates in retrofitt ing steel bridge members. The 
object i ve of th is  study was achieved by developing a practical procedure for 
strengthen ing such structures and evaluating the enhancement in the overa l l  
performance of the strengthened members. The experimental work was carried out 
using six composite steel beams made of grade A36 with cross-section W8x24 and 
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were attached to 1 1 4 x 7 1 0  mm reinforced concrete slabs at the compression flange. 
These specimen had span of 6 1 00 mm and were loaded in a four-point loading setup 
unt i l  they became severely d istressed. After that, they were repaired by bonding 
CFRP lam inates of d ifferent th icknesses to the tension flanges and tested unt i l  fai l ure. 
I t  was concluded that the spec imens retrofitted with CFRP lam inates of higher 
thickness performed better in terms of sti ffness gain and reduced deflection. The 
increase in the e lastic stiffness in the repaired beams came up to be re latively smal l  
for th in CFRP laminates and increased sl ightly for the th icker ones. A 
recommendation was proposed for enhancing the load transfer capacity between the 
composi te beams and the CFRP lam inates by means of clamps or fasteners. 
A deta i led d iscussion related to the effect of bonded CFRP plates on the 
mechanical behavior of stee l beams under both structural and thermal load ings was 
presented by Deng et a l .  (2003) .  An analyt ical model was developed to determ ine the 
induced stresses i n  the retrofitted members taking into account the influence of 
severa l  parameters such as the thickness and the Young's modulus of both the CFRP 
p lates and the adhesive used as a bonding agent at the interfac ial surface. The 
maximum stress concentrat ion occurred at the edges of the bonded CFRP plates and it 
was considerably reduced by provid ing a tapered end for these plates in order to 
prevent debonding fai lure as i t  reduces the interfacial stresses. A parametric study was 
carried out and revealed that decreasing the shear and normal stresses in the adhes ive 
can be achieved by i ncreas ing the adhesive thickness, decreasing the shear modulus of 
the adhesive or decreasing the th ickness of the CFRP plates. 
In 2003, EI  Damatty et a l .  stud ied the behavior of steel beams when retrofitted 
with externally bonded Glass F iber Reinforced Plastic (GFRP) plates at both the 
tension and compression flanges. The flexural performance of the tested specimens 
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was invest igated experimental ly, analytically and numerical ly. The experimental 
program \ as performed on three W 1 50x37 steel beams with equal spans of 2,800 mm 
and having yield strength of 363 M Pa. The GFRP strips were 2,400 mm long, 1 54 
mm wide and 1 9  mm th ick and they were symmetrical ly attached along the outer s ide 
of both the upper and bottom flanges. The beams were tested in a four-point load ing 
setup in a load-control led manner for the e last ic range and disp lacement-control led 
manner for the plastic range. The analyt ical model was establ ished to pred ict the yield 
moment of the strengthened sections as wel l  as the stresses generated in  the both the 
GFRP plates and the adhesive material .  The finite e lement model was prepared to 
i l lustrate the d istribution of strains and stresses in the retrofitted beams at d i fferent 
locat ions in order to interpret their composite behavior. The resu lts showed that a 
sign ificant improvement in the flexural carrying capacity of the rehabi l itated beam 
was real ized as ind icated by the 23% increase in the yield moment and 78% rise in the 
ul t imate strength. 
A l iterature review to investigate the efficiency of the bonded system in  
retrofitt ing stee l beams wi th  FRP fabrics was conducted by Shaat e t  a l .  (2003). Their 
work d iscussed the results obtai ned from rehabi l i tat ing natura l ly corroded beams, 
art ific ia l ly notched beams, intact beams and steel -concrete composite beams. It was 
concluded that the behavior of the retrofitted stee l beams exhibited sign ificant 
improvement when bonded to FRP strips as indicated by their h igher carrying 
capacity and fat igue l i fe extension. Shaat, et a l .  reported that work carried out by 
G i l lespie et a l .  ( 1 996) on natura l ly corroded steel girders showed an increase in their 
u l t imate capacity when retrofitted with CFRP strips of about 1 7% and 25% for 
severe ly  deteriorated and moderately deteriorated sect ions, respective ly. Another 
study by L i u  et al . (200 1 )  on artificial ly notched steel girders revealed an increase of 
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60% and 45% in  the ine lastic load capacit ies for the specimens retrofitted with CFRP 
lam inates that extend along the ent i re span and the ones that covered one quarter of 
the beam 's  length, respectively. Tavakkol izadeh and Saadatmanesh (2003) confirmed 
the significant enhancement resulted from retrofitt ing steel beams with bonded FRP 
strips of d ifferent thicknesses. I t  was observed that using one, three and five layers of 
FRP sheets improved the u lt imate carrying capacity of the strengthened beams by 
44%, 5 1  % and 76%, respectively. Also, for the same order of layers, a drop of 2 1  %, 
39% and 53% in the tens i le strains of the flanges were recorder with respect to the 
control  specimen, respectively. Several researchers agreed on re lating the bond 
strength to a proper surface preparation of the steel material. They proposed various 
means such as surface grinding or sandblast ing to get rid of a l l  rust, paint and primer. 
M i l ler et a l .  (200 1 )  proposed using an accelerated curing method to increase the 
adhesive strength gain rate. Two of these methods cou ld be heating b lankets or 
induction heater. M i l ler et al. reported that the interfacial stresses generated at the 
interface between the steel and the FRP materials  were influenced by several factors 
which are the bonding length, type of fibers, type of adhes ive, adequacy of surface 
preparation, th ickness of the adhesive layer and th ickness of the FRP laminates. In 
200 1 ,  Tavakkol izadeh and Saadatmanesh reported that the galvanic corrosion was not 
a concern i n  the bonded system between steel and CFRP as the adhesive coat ing acted 
as a th in fi l m  that reduce the corrosion rate significantly with relatively smal l  
th ickness. A nother way to prevent galvanic corros ion was explored by West (200 1 )  
and could be ach ieved by adding a corrosion barrier such as glass mat layer to isolate 
the CFRP from the stee l material .  
In 2004, Buyukozturk et al .  performed a l iterature review and summarized the 
most encountered fai l ure modes that could occur in steel beams retrofitted with 
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bonded FRP strips. Di fferent parameters affected the type of fai lure the beam would 
exh ib it when reaching considerably h igh load ing values. The main modes of fai lure 
included buckl ing of the compression flange, buckl ing of the web in shear and rupture 
or debond ing of the FRP strips. Debonding between the stee l beam and the FRP strips 
m ight occur at the interface between the steel and the adhesive layer, in the adhesive 
layer itse lf  or by de lam ination of part of the FRP fibers. In order to ensure a safe 
design of the strengthened steel members, each of these fai lure modes was 
recommended to be considered in  the design process. 
Lenwari et a l .  (2005) performed both experimental and analytical studies to 
invest igate the flexural performance of steel beams retrofitted with externally bonded 
CFRP plates. The experimenta l work was carried out by testing seven W I  00x 1 7.2 
stee l beams having a c lear span of 1 ,800 mm and strengthened with CFRP plates of 
d ifferent lengths compromis ing 5/ 1 8 ,  1 /3 and 2/3 of the span length. The width of 
each CFRP strip was 50 mm and its thickness was 1 .4 mm. The test was conducted 
accord ing to four-point loading scheme. A 200 x 1 2 .2 mm stee l p late was welded at 
the upper flange of each spec imen in order to avoid fai l ure by compressive yielding. I t  
was noticed from the resu lts that the CFRP plate length had a s ign ificant influence on 
the flexural behavior of the strengthened specimens. As the length of the CFRP plate 
increased, the ult imate carrying capacity of the strengthened beam increased and the 
governing fai lure mode changed from debonding of short lam inates to rupture at mid­
span for the longer ones. An analyt ical model was developed and it was conc luded 
that the requ ired d istance for achieving flexural c�)fiformance increases with the 
increase of the CFRP th ickness, increase of plate modulus, increase of adhesive 
th ickness and decrease of adhesive modulus. 
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The strengthen ing of composi te steel-concrete bridge girders with externally 
bonded h igh-modulus CFRP materials was stud ied by Schnerch (2005).  One of the 
main research objectives was to ident i fy the adhesive material that produces the best 
bond between the CFRP strips and the steel beams. The experimental program was 
carried out based on a series of smal l-scale beams with different adhesive types that 
were tested in bend ing. I t  was shown that the optimum adhesive was capable of 
ach iev ing the rupture strength of the CFRP strips with in a development length of 1 00 
mm.  This adhesive material was used in testing the large-scale steel-concrete 
composite beams in order to compare the influence of the intermediate and h igh­
modu l us FRP strips on the overa l l  behavior of the strengthened system. The results 
revealed that the use of h igh-modulus CFRP plates was more efficient in increasing 
the e lastic stiffness and ult imate strength of the retrofitted beams by a maximum ratio 
of 36% and 45% with respect to the control spec imen, respectively. It was a lso shown 
that pre-stressing the CFRP plates before attach ing them to the stee l beams resul ted in  
a considerable improvement in  the effic iency of the strengthening system. 
Nozaka et al .  (2005) investigated the bond characterist ics of pre-cured CFRP 
strips when used in  strengthen ing W 1 4x68 grade 50 cracked steel beams using special 
test ing setup.  This strengthening technique was conducted by bonding a CFRP strip to 
two adjacent steel p lates that were subsequent ly bolted to the tension flange of the 
stee l beam being retrofitted. The experimental work was done by testing a total of 27 
speci mens using two d ifferent types of CFRP strips and five d ifferent adhesives. I t  
was demonstrated that as the duct i l ity of the adhesive material i ncreases, the peak 
stra in  reached in the CFRP strip increases as wel l .  Stress reduction at the critical 
locat ions along the bonded system was reduced by the progressive yielding of the 
adhesive bei ng used. It was also observed that increasing the th ickness of the CFRP 
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strip resulted in  a consequent increase in the tensi le strength of the bonded joints and 
a reduction in the strain values recorded in the CFRP lam inates. The study showed 
also that extending the CFRP strips beyond the effect ive bond length exhibited 
insign ificant influence on the capacity of the strengthened system. 
A research work was carried out by Colombi and Poggi (2005) in order to 
study the influence of rehabi l i tating stee l beams with bonded CFRP strips. The main 
parameters of the experimental program were the th ickness of the CFRP strips and the 
type of adhesive used. In order to ach ieve the goals of this research, four 2,500 mm 
long HEA 1 40 stee l beams were retrofitted with e ither s ingle or double layers of 
CFRP strips using two d ifferent epoxy based adhesives. The length of the single 
CFRP strip was cut to a length of 2,000 mm and an extra strip of 1 , 800 mm in  length 
was added in case of double layers. The bending test was conducted in a three-points 
load ing setup. The obta ined results were used to plot the load-deformation curves for 
these specimens at the m id-span section. I t  was found that the behavior of these 
speci mens was l i near in the elastic region beyond which the beams exhib ited loss in  
the i r  stiffness as ind icated by the  gradual decrease in  the  slope of the load-deflection 
curve . It was observed that at a deformation value of 20 mm, the strength gain in the 
beams retrofitted with s ingle and double CFRP layers was 9 .9% and 23 .3%, 
respectively. An  analytical model was prepared to determ ine the strain values at the 
C FRP strips in the e last ic range based on two methods that involve a strength 
approach and the standard transformation section method. The stress d istribution in  
the retrofitted specimens was a lso determ ined using a finite e lement model that was 
verified against the experimental and analyt i cal findings. The study was concluded by 
showing that changing the adhesive type had insignificant effect on the load­
deformation curves and the stresses along the CFRP lam inates. 
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Photiou et a l .  (2005) examined the influence of using both ultra-high modulus 
and h igh modulus CFRP strips in the strengthen ing of art ificial ly degraded steel 
beams. The main objective of this study was to observe the perfonnance of the steel 
beams strengthened with various CFRP strips properties and configurations. An 
e peri menta l  program was conducted using four compact rectangular hol low steel 
ect ion to prevent both local and latera l torsional buckl ing from dominati ng the 
fai lure .  The tension flange of the beams was machined to half its th ickness in order to 
s imulate the effect of general corrosion along the entire span. The test was perfonned 
in four-point loading setup unt i l  fai l ure occurs. The test results showed that the mode 
of fai lure of the specimens retrofitted with u ltra-high modulus CFRP was brittle due 
to fiber breakage, whi le it exhib ited duct i le behavior in the h igh modulus CFRP 
without fi bers or adhesive fai lure unti l large defonnation was reached. The study 
showed a lso that the U-shaped system of attaching the CFRP sheets to the steel beam 
was more efficient than the flat strips s ince it was capable of preventing the severe 
debonding at h igher loadi ng values even after the local ized fai lure of fibers breakage. 
I n  2006, Youssef M.A.  developed an analyt ica l model i n  order to predict both 
the l inear and non l inear behavior of steel beams retrofitted with bonded GFRP strips. 
The model considered the effect of shear and peel in the adhesive material . Th is 
model was verified against experimental results of 2800 mm long W 1 50x37 steel 
beam retrofitted with 2400 x 1 52 x 1 9  mm GFRP strips at both flanges and tested in a 
four-poi nt loading test ing setup. The resul ts obta ined from the model matched the 
ones obtai ned experimental ly with h igh accuracy. The model was able to predict the 
fai lure load of the specimen as wel l  as the load-defonnation curve. Several 
observations describ i ng the influence of the GFRP strips on the flexural behavior of 
the steel  beam were reported. For i nstance, the maximum axial stresses induced in the 
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GFRP trips were at the beam's m id-span and kept decreasing unti l  they reached a 
value of zero at the GFRP edges. Thus, the contribut ion of the retrofitting GFRP in 
res ist ing the appl ied moment was highest at the beam m id-span and became negligible 
near the ends of the strip. The shear stress in the adhesive reached its peak at the 
edges of the GFRP strip with a value c lose to 90% of the full shear capacity of the 
adhesive being used in  the bonding process. The main advantage of the current model 
is its ab i l ity to predict the deflection of the beam and the induced stresses in the GFRP 
sheets, the steel fibers and the adhesive material with high accuracy. 
Benachour et al. (2008) analyzed the i nterfacial stress in the adhesive layer in  
stee l beams retrofitted with bonded prestressed FRP lam inates. Analytical model was 
performed based on the l inear elastic theory in order to predict the influence of several 
parameters on the strengthened beams. A parametric study was carried out based on 
these parameters that included FRP laminate and adhesive st iffness, the thickness of 
the F RP lam inate and the fiber orientations. The obtained results showed that as the 
s t iffness of the FRP material decreases, the induced interfacial stresses become 
h igher. The increase in shear modulus of the adhes ive causes h igher shear in the 
adhesive layer and pee l ing stress and consequently less anchorage of the FRP 
laminates. It was also observed from the results that the edge pee l ing and shear 
stresses are h ighly influenced by the thickness of the FRP lam inate as the in it ial strain 
for th icker lam inates becomes lower. Moreover, it was found that the fibers 
orientat ion in the FRP lam inate controls  its effective modulus and consequently the 
behavior of the strengthened beams. A l ignment of the fibers in the longitudinal 
d irection of the beam resulted in maximizing the modulus of the plate. 
I n  2008, Dawood and Rizkalla conducted an experimental program in order to 
investigate the influence of using h igh modulus bonded CFRP lam inates on the 
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behavior of steel beams. The main concern of this study \ as to find out the optimum 
way of spl ic ing the ends of these lam inates to avoid the debond ing mode of fai lure. 
The experimental program was spl i t  into two main phases. The first phase involved 
test ing s ix double-shear connections with various plate ends configurations in tens ion. 
These butted connections were composed of two main 8 mm thick CFRP plates 
connected to one another by two 4 mm thick CFRP splice lam inates. The performance 
of the d ifferent connections was analyzed to come up with the one that best enhances 
the u l t imate carrying capac ity. The second stage was performed by test ing n ine 
W 1 2x30 steel beams retrofitted with different lengths and end detai l s  of the CFRP 
lam inates. The resu l ts showed that the governing fai l ure mode of al l  beams was 
debond ing of the CFRP laminates at their ends. It was observed that using the tapered 
joint configuration resulted in reducing the induced shear stresses at those ends and 
consequently increasing the u lt imate flexural strength of the entire sect ion. The test 
resu l ts indicated that using a mechan ical anchorage system ( i .e. steel c lamps) at the 
lam inates ends had an insignificant influence on improving the flexural strength of the 
beams. 
Chen et a l .  (2008) used bonded CFRP sheets in order to investigate their 
i nfluence in repairing corroded steel beams. Two bonding techniques were tested and 
reported.  Each techn ique was represented by one specimen and compared to both a 
control v i rg in specimen and a control corroded specimen to study the effect iveness of 
these methods. In order to s imulate the corrosion, the beams were machined at outer 
face of the bottom flange at their m id-span in a way that the simulated corrosion 
covered only half of the flange width. In the first retrofitted specimen, the corrosion 
was fi l led by fi l ler putty and the attached CFRP sheet was 67 mm wide; whereas in 
the other specimen, the corrosion was fi l led by t iny pieces of CFRP fabric and the 
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insta l led CFRP sheet was 1 33 mm wide. Load appl ication on the beams was 
performed based on a three-point load test until fai lure. The composite action was 
invest igated using ten strain gauges located at both the bottom steel flange and the 
CFRP sheets being attached to it. A comparison between the two strengthening 
techniques revealed that using CFRP sheets in fi l l ing the corrosion is  more efficient 
than using fi l ler putty as the second one was total ly crushed and debonded at certain 
load ing values. A lso, the appl ication of the CFRP sheet needs to be appl ied over the 
ent ire flange w idth even if  the corrosion is covering part of the flange only. Table 2 .5  
provides a summary of the research that has been conducted on strengthen ing steel 
beams using externa l ly bonded FRP strips. 
2.7 CONCLUSION 
From the former l i terature rev iew and to the best of the author knowledge, it i s  
shown that research on mechanica l ly anchored FRP to steel beams does not exist .  
Therefore, it i s  of interest to  explore the potential success of such strengthning 
rehabi l i tation system s ince it can overcome the debonding problems of the FRP 
component i n  a typical bonded steel-FRP system . The fol lowing chapters report on a 
first attempt i n  this direction. 
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C H APTER 3 
T E STING AND MOD ELING OF M EC H A N I CALLY 
ANC HOR E D  STE EL-FRP CONNECTIONS 
3. 1 I NTRODUCTION 
Throughout the last decade, extensive research took place worldwide to study 
the composite effects of external ly bonded FRP (CFRP or GFRP) strips in 
strengthening flexural steel members such as beams. Reported research work with 
bonded FRP strips to either steel or reinforced concrete members revealed that fa i lure 
of strengthened e lements is primari ly attributed to the unfavorable brittle fai lure of the 
adhesive at the interface unless extra precautions are taken at the strip ends. On the 
other hand, research work on mechanical ly anchored FRP lam inates to concrete 
members proved that the ductile mode of fai lure a lways governs. Unfortunately no 
information was found in the l i terature d iscussing the effect of mechanical ly anchored 
FRP lam inates to steel members. Thus, the current chapter reports the first phase of a 
study that aims at investigating the behavior of steel beams strengthened with 
mechanical ly anchored FRP laminates. The main objecti ve of this chapter is  to 
estab l i sh the i nterfacial behavior of mechanica l ly anchored steel-FRP lap connections 
in which steel and FRP elements are subjected to axial tensile loading. 
The experimental program that is  carried out to achieve the goals of th is 
research work i s  presented with emphasis on the materials used and the test 
procedure. The obtained experimental resu l ts are reported in view of the load-
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displacement cur es and strain gauges measurements for a l l  the specimens. Non­
l inear load-s l ip mode ls are developed based on the experimental outcomes. The 
chapter inc ludes a lso a numerical study in which the tested connections are modeled 
using the finite e lement technique. Comparison between the experimental outcomes 
and fin ite e lement resu l ts is used to verify the accuracy of the current load-s l ip models 
in s imu lating the composite action at  the FRP-steel interface. 
3.2 E XPERI M ENTAL PROG RAM 
The purpose of the experimental program is to investigate the composite 
behavior of the mechan ical ly anchored steel-FRP shear lap connections. The response 
of the fastening system is analyzed in order to develop an equivalent spring system 
that s imu lates the re lative s l ip  and the associated bearing act ion that takes place at the 
steel-FRP interface. The materials used and the test procedure are described in the 
fol lowing subsections. 
3.2. 1 Materials and I nstru mentation 
Three di fferent components are used to assemble the tested specimens 
includi ng F RP laminates, stee l p lates and zinc coated steel bolts. The components are 
fu l ly described to provide enough information that is used in the subsequent 
d i scussions. 
3.2. 1 . 1  FRP Laminates 
The FRP lam inates used in this study are suppl ied by STRONG WELL ® 
manufacturer in rol l s  of length 30 m, width 1 0 1 .6 mm and thickness 3 . 1 75 mm. 
Accord ing to market survey, th is is  the only avai lable type of FRP that can be dri l led 
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without sign i ficantly affecting the mechan ical propert ies of the lam inate. Th is i s  
attributed to  the fact that such lam inates inc lude carbon tows that are sandwiched 
between layers of fiberglass mats and bonded together by a h ighly corrosion resistant 
ve inylester resin .  This combinat ion of materials improves the bearing propert ies of the 
lam inates. Th is improvement is mainly provided by the glass mat that surrounds the 
carbon fibers. In order to prevent the undesirable corrosion from taking place at the 
interface between the steel plates and the FRP lam inates, a synthetic surfacing vei l  is 
further incorporated into the FRP lam inate. Figure 3 . 1 shows a cross-sectional v iew in 
the FRP lam inate used in the current experimental program . The mechanical 
propert ies of these FRP lam inates with the corresponding ASTM test method used to 
evaluate them are provided by the manufacturer and are shown in Table 3 . 1 .  
3.2. 1 .2 Steel P lates 
The steel p lates used in the experimental program have un iform th ickness of 
1 0  mm .  However, the width and length of these plates vary to produce d ifferent 
specimen configurat ions as explained in section 3 .2.2. In order to obtain  the 
mechanical propert ies of the steel p lates, three steel coupons are un iaxial ly tested in 
tension using MTS machine with a d isplacement rate of I m m/min .  These coupons 
are cut  from the same steel material of the p lates as specified by the ASTM A370-03a 
standards wi th the typical d imensions shown in  F ig. 3 .2. The gauge length of the 
coupons is 225 mm and the cross-sectional area of the gauge section is 400 mm
2. The 
gauge section is reduced re lative to that of the remaining part of the coupon to ensure 
that d i sp lacement and fai l ure are local ized in this region. This configuration of steel 
coupons provides a state of simple tens ion along the gauge length and consequent ly 
more accurate results .  Coupon spec imens are gripped from the i r  enlarged ends using 
rough wedges in order to prevent both s l ippage and bending of these coupons unt i l  
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fai l ure occurs. The MTS machine is of the e lectromechan ical type and connected to a 
computer where the stress-strain curve of each spec imen is automatica l ly plotted as 
the test i s  being carried out. The mechanical properties obtained from the three tests 
are very c lose and, therefore, the average values are used in model ing the connections. 
The average propert ies are 300 MPa for yield stress, 460 MFa for u lt imate tensi le 
strength and 1 90,000 MPa for the modulus of e last icity. Figure 3 . 3  shows a photo for 
a specimen during the progress of the tensile test; whereas Figs. 3 .4(a) and 3 .4(b) 
i l lustrate the shape of the specimen before and after testing, respectively. 
3.2. 1 .3 Bolts 
Hexagonal galvanized zinc coated bolts, nuts and washers are provided by 
H i lt i  and used to connect the steel plates to the FRP lam inates. The designat ion of the 
used bolts is  M6x25 where 6 represents bolts diameter in  (mm) and 25 stands for the 
shank length in (mm).  Bolts are made of h igh tensi le steel of grade 8.8 according to 
DIN I SO 40 1 7  (20 1 1 )  standards with 375 MPa shear strength and 1 ,000 M Pa bearing 
strength [BS I  5950- 1 :2000] .  A photo of a typical bolt and a sketch i l l ustrating its 
d imensions are shown in  Fig. 3 . 5 .  
3.2 . 1 .4 Strain Gauges 
The longitudi nal strains developed in different locations of the FRP laminates 
i n  the steel-FRP specimens are recorded during the tensile test. Tested specimens are 
i nstrumented using 3 mm FLA-3- 1 1 -3L  strain gauges with 1 20 ± 0.3 n electrical 
resi stance and 2 . 1 4  ± 1 % gauge factor. Stra in gauges are mounted to the surface of the 
FRP lam inate us ing eN-type stra in gauge adhesive. Both of the strain gauges and the 
adhesive are provided by TML, Japan. Recorded strain gauge measurements are 
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mainly used to val idate the perfonnance of the developed fin ite element model by 
comparing them to their numerical counterparts. 
3.2.2 Test P roced u re 
Two main assembl ies are adopted in  order to achieve the object ives of the 
current experimenta l program. The first assembly includes 1 4  d ifferent configurations 
of short connections that are used to detect the effect of both sheared and rol led edge 
d istances on the response of the steel-FRP connection. The designation of these 
configurations is composed of two parameters, (R) which represents rol led edge 
d istance and (Sh) which refers to sheared edge distance. Figure 3 .6 shows schematic 
v iews of the first short assembly. Detai led specifications of the first assembly are 
provided in  Table 3 .2 .  As indicated in  the table, testing of specimens with sheared 
edge d istance of 50 mm and 75 mm are repeated twice to ensure appropriateness of 
the test procedure. The consistency of the measurements recorded in these part icu lar 
tests verifies the re l iabi l ity of the experimental measurements. 
The second assembly consists of 3 configurations of longer connect ions that 
are used to investigate the effect of the spacing between bolts on the connection 
behavior. Their  designation is  based on the same (R) and (Sh) parameters as in the 
first assembly with one addit ional symbol (S) which stands for the spacing between 
the bolts. Schematic v iews of the second assembly are shown in Fig. 3 .7, whi le 
numerica l  values of the various assembly configurat ions are l isted in  Table 3 . 3 .  
I t  should be noted that in  both connection assembl ies one side of  the 
connection includes at least triple the number of bolts instal led i n  the other side of the 
connection. This is adopted to ensure that the s l ip and bearing d isplacements w i l l  take 
p lace i n  one s ide only of the connection where less number of bolts exists. Steel plates 
58  
and FRP laminates are dril led at the specified bolts locat ions using 6 mm dri l l  bits. 
Deta i led d imension of the fourteen configurations of the first assembly related to 
short connect ions are presented in Fig. 3 .8 .  Meanwhi le, geometrical deta i ls of the 
three configurations of the second assembly ( long connections) are shown in F ig. 
3 .9(a) through 3 .9(c), respectively. 
Each specimen is loaded in tension in  a 1 00 kN capacity MTS mach ine in a 
displacement-control led manner at a rate of 1 mm/m in.  The in-plane d isplacement is  
measured automat ical ly by the movement of the mach ine head knowing that end 
s l ippage is prevented by using a suitable fixture to be connected to the steel plates 
from both s ides. In add ition, the longitudinal strains in the FRP laminate are recorded 
at various load ing stages. I n  the first assembly of short connections, three stra in 
gauges are mounted at  the one FRP lam inate at  a l ine perpendicular to the loading 
d i rection over the gap between the two steel plates as shown in  Fig. 3 . 1 O(a). I n  the 
second assembly of long connections, two stra in gauges are insta l led; one stra in  gauge 
is located at the m idpoint between the two bolts and the other one is glued over the 
gap between the two steel p lates as presented in  F ig. 3 . 1 O(b). 
3.3 EXPERIMENTAL RESULTS AND DISCUSSION 
The experimental observations reveal that the in it ial fai lure of all the 
connections i s  dom inated by bearing that resu lts from the d irect contact between the 
bolts and the FRP lam inates as shown in  F ig. 3 . 1 1 . This fai lure mode is  typical ly 
fol lowed by bending of the bolts, fold ing of the washers (Fig. 3. 1 2) and final ly tear 
out in the FRP wh ich takes place at excessive load ing as presented in Fig. 3 . 1 3 . The 
tear out mode of fai lure depends on the bearing strength of the FRP laminate i tself. I t  
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occurs when the bearing stresses at the exterior bolt holes in the FRP laminate exceed 
its beari ng strength leading to a segment of the the lam inate to be tom out. 
Meanwhi le, bending of the bolts depends on the strength of the bolt materia l .  It takes 
place due to the effect of the shear and flexural stresses induced in the bolt associated 
w ith s l ip  in the double lap-connections. Fold ing of the washers occurs at excessive 
loading values and is a consequence of the bend ing that occurs in bolts. A l l  of the 
tested spec imens fai led in a ducti le manner as they undergo significantly large 
displacement before any reduction in their carrying capacity is detected. 
By comparing the load-displacement curves which are obta ined 
experimenta l ly for the short connections, a conclusion can be drawn indicat ing that 
these connections can be c lassified into two main categories based on the sheared 
edge d istance of the FRP laminate. In general, the connect ions with sheared edge 
d i stance of 40 mm or more exhibit  noticably larger d isp lacements and h igher load 
carrying capacities than those with sheared edge d istance of less than 40 mm.  Detai led 
d iscussion of these two distinct cases is presented in sub-sections 3 . 3 . 1 and 3 .3 .2. 
Furthermore, experimental outcomes of the long specimens are d iscussed i n  sub­
sect ion 3 . 3 . 3 .  
3.3. 1 Short Con nections with Sheared Edge D istance of 40m m  or Larger 
The typical load-displacement profi les for al l  tested short connections with 
sheared edge distance of 40 mm or larger are shown to be a lmost ident ical as 
i l lustrated in  F igs .  3 . 1 4(a) and 3 . 1 4(b) for rol led edge distance of 20 mm and 25 mm, 
respective ly. These figures indicate that the load value increases with steep slope unt i l  
i t  reaches a value of about 3 1 ± 1  kN at  d isplacement of about 3 . 5  mm. At th i s  stage, 
smal l part of the FRP fibers starts to rupture as indicated by the low c l icking noise 
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heard during the test. After that, large d isplacement occurrs in  the connection with 
re lati e ly s l ight increase in the load as a consequence of bearing between the bolts 
and the FRP laminate. Th is is associated with an increase in the load by about 30% 
unt i l  it reaches a peak value of about 39±2 kN for al l specimens at a relative 
d isp lacement of about 1 4± 1 mm from the in itial state. At this stage, sudden 
remarkable c l icking noise occurs indicat ing rupture in the CFRP fibers and/or peel ing 
of the GFRP layer assoc iated with reduction in the load value. The fai l ure of these 
connections is due to the combined act ion of d ifferent modes includ ing bending of the 
steel bolts, folding of the washers, peel ing of the GFRP layer and final ly tearing out 
of the FRP lam inates. The i rregular pattern of the load-displacement curves beyond 
the 3 . 5  m m  d isplacement value is attributed to the continuous rupture of GFRP layer 
and CFRP fibers and the associated load red istribution among the intact fibers. 
Careful  examination of the experimental load-displacement curves reveals that for a 
sheared edge d istance of 6 t imes the hole d iameter or larger, a typical non- l inear load­
s l ip  model is enough to describe the connect ion interfacial behavior. The effect of the 
rol led edge d istance on the connect ion behavior is examined in view of Figs. 3 . 1 5(a) 
through 3 . 1 5(d) for short connections with sheared edge distance of 40 mm, 50 mm, 
75 m m  and 1 00 mm, respect ive ly. I t  can be noticed that the influence of the rol led 
edge d istance on the connections behavior is insign ificant as depicted in these figures. 
The concl usion is consistent with the fact that the main fibers, i .e. the CFRP fibers, 
are un id i rectional and extending along the load l ine of action. Photos showing the s l ip 
occuring i n  tested specimens are presented in Figs. 3 . 1 6  through 3 . 1 9  for specimens 
with sheared edge distance of 40 mm, 50 mm, 75 mm and 1 00 mm, respectively. 
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3.3.2 Short Con nections w ith Sheared Edge Distance of Less Than 40m m 
The experimental \ ork that has been carried out on the short connections with 
sheared edge distance of less than 40 mm reveals that the trend of the load­
d isplacement prof! les d iffer significantly from the previous category that was 
discussed in sub-section 3 . 3 . 1 .  In this group of connections the load-d isplacement 
re lations appear to be very sensetive to the variation in the sheared edge distance as 
i l lustrated in F igs. 3 .20(a) and 3 .20(b) for specimens with rol led edge distance of 20 
mm and 25 mm, respectively. The profiles shown in  these figures show a monoton ic 
non-l i near increase in the load values unt i l  they reach their peak at a displacement 
value of about 4±2 mm from the in it ial posit ion. At this point, tearing out of the FRP 
lam inates starts to occur accompanied by progressive rupture of the CFRP matrix and 
peel i ng of the GFRP layers causing the load values to drop immediately unt i l  the 
connection is  tom out as shown in Fig. 3 .2 1 .  Fai lure of these connections to susta in 
their u lt imate load capacity as opposed to those with sheared edge distance of 40 mm 
or larger impl ies the advantage of keeping a min imum sheared edge distance of 6 
t imes the hole d iameter to avoid such unfavorable behavior. Regarding the influence 
of the rol led edge distance on the connection behavior, i t  can be shown that there is  no 
general relationship that describes th is  effect as depicted by the comparisons shown in 
F igs. 3 .22(a) through 3 .22(c) for specimens with sheared edge distance of 1 5  mm, 20 
mm and 30 mm. 
3.3.3 Long Con nections with  Va rious Spacing Val ues 
As stated previously i n  the experimental program objectives, the effect of the 
spacing between bolts is  investigated by test ing long connections to accommodate 
two bolts on the same gauge l ine .  Three d ifferent connection configurations are tested 
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\ ith each of them including two specimens. For al l  connections, the sheared edge 
di tance i elected to be 50 mm which is greater than the l im iting value of 40 mm (6 
t imes the hole d iamter) identi fied from short connections results. The rol led edge 
distance is taken as 20 mm as it was observed from testing the short connections that 
increas ing the rol led edge distance to 25 mm has no influence on the connection 
behavior. These configurations inc lude d i fferent longitudinal spacing between the 
bolts as i l lustrated in Table 3 .3 .  The load-disp lacement curves of tested configurations 
are presented in Fig. 3 .23 which indicates sim i lar response of all configurations. From 
th is figure it can be noticed that the load increases in a l inear trend unti l  it reaches a 
load va lue of 32±2 kN beyond which the relative disp lacement value i ncreases 
s ign ificantly with a sl ight increase in load unt i l  the peak value is reached. The mode 
of fai lure of such connections is s im i lar to that of the short connect ions and i s  
contro l led by bearing in  the FRP lam inate, bending in  bolts and folding of washers. 
The s im i lar response shown by Fig. 3 .23 for the tested configurations impl ies that, for 
the part icu lar cases considered i n  th is study, the spacing between bolts has no 
s ign ificant effect on the mode of fai lure or peak load of the steel-FRP connection as 
long as it is bigger than 6 t imes the bolt d iameter, and the sheared edge distance and 
the rol led edge distance are maintained the same. Figures 3 .24, 3 .25 and 3 .26 show 
photos taken in the lab at d ifferent loading stages for specimens R20-Sh50-S I 00, 
RlO-Sh50-S 1 25 and R20-Sh50-S 1 68, respectively. 
3.4 FINITE ELEM ENT MODELI NG AND VERIFICATION 
I t  is advantageous to use the fin ite element technique to detect the behavior 
and response of various structural e lements and assembl ies. Although finite e lement 
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model ing pro ides an affordable tool to evaluate the structural response, obtain ing 
accurate prediction depends on the accuracy of the various elements constituting the 
finite element model. I n  v iew of the experimenta l  observations discussed earl ier in  
th is chapter, it i s  clear that model ing the mechanica l ly anchored steel-FRP assembly 
with the s impl ified assumption of full strain compatibi l i ty, i .e .  no relative s l ippage, at 
the stee l-FRP interface does not lead to accurate prediction of the response. Therefore, 
it is crucial to s imu late the relative s l ippage occuring at the steel-FRP interface in a 
proper manner. The fol lowing sub-section presents the development of non- l inear 
load-s l ip models that could be used to s imu late the various actions that control the 
response of anchored steel-FRP assembl ies with d i fferent bolt configurations and 
sheared edge distances. 
3.4. 1 Development of Load-Sl ip  Models 
The current load-s l ip  models are i ntended to s imu late the interfacial behavior 
of anchored steel-FRP connections in which bolts used have properties that match 
those l i sted in section 3 .2. 1 .3 These bolts are to connect steel elements to FRP 
lam inates that are prescribed in  section 3 .2 . 1 . 1  The first load-sl ip model simu lates the 
behav ior of steel-FRP connections with a m in imum sheared edge distance of 40 mm.  
A s  such, the current model is based on the average load-displacement profi les shown 
in F igs .  3 . 1 4(a) and 3 . 1 4(b). It should be noted that these profiles correspond to the 
response of 2 bolts beari ng against two FRP laminates. Thus, the loading values 
shown in  F igs. 3 . 1 4(a) and 3 . l 4(b) are d ivided by 4 to obtain reference values of one 
bolt bearing against one FRP laminate (or genera l ly in single-shear setup). 
Furthermore, the displacement values shown in these two curves are corrected to 
exclude the influence of the elongat ion experienced by the steel plate and the FRP 
laminates during the test. Th is impl ies that the current load-sl ip model accounts for 
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bearing ben een the bolts and FRP, and bending in bolts. I n  add ition, folding of 
washers and tear out of FRP laminates that correspond to significantly high s l ip 
values are accounted for in the model .  The current non- l inear load-sl ip model is  
ShO\VIl in Fig. 3 .27(a). A s imi lar approach is then fol lowed to develop another load­
s l ip model for connections with sheared edge distance less than 40 mm.  This model is  
based on the experimental measurements presented in Figs 3 .20(a) and 3 .20(b). The 
current load-s l ip model of s ingle bolt act ing in single shear is presented in Fig. 3 .27(b) 
for connections having sheared edge distance less than 40 mm.  The accuracy of the 
proposed load-s l ip  models in s imulating the overal l  response of anchored steel-FRP 
connections i s  verified in section 3.5 based on fin ite element pred ict ions of the load­
d isplacement re lationships and the strains deve loped in the connected elements. 
3.4.2 Description of the Fin ite E lement Model 
The general purpose finite element software package ANSYS (2009) is  used 
to develop a deta i led three d imensional (3�) model to s imulate the behavior of 
mechanical ly anchored steel-FRP lap connections taking into consideration the 
relat ive s l ip  at the steel-FRP i nterface. The model accounts for two major sources of 
structura l  non-l inearity; namely geometrical non- l inearity and material non- l inearity. 
These two sources of non- l i nearity are incorporated into finite element analysis 
through cont inuous update of the stiffness matrix [K] in  accordance with the updated 
geometry and the stress level in the structure at each load increment appl ication. Thus, 
the total sti ffness matrix [K] at any poi nt on load-displacement curve and stress level 
{cr} can be expressed as: 
(3 . 1 )  
where 
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is constant e lastic smal l-strain sti ffness matrix , 
is geometrical stiffness matrix that accounts for the contribution of large 
d isp lacements to the total stiffness matrix (geometrical non- l inearity), and 
[1<0] i s  stress sti ffness matrix that reflects the contribution of the stress history to 
the total stiffness matrix (material non- l inearity). 
The total stiffness matrix is then incorporated into incrementa l  fini te element 
analysis scheme that can be expressed as 
in which 
{dF} is vector of i ncremental nodal loads, and 
{du} i s  vector of incremental nodal d isplacements. 
(3.2) 
Geometrical detai ls  of analyzed steel plates and FRP laminates are modeled 
us ing the 8-node sol id element (SOL I D45), as denoted by ANSYS. Each node has 
three translat ional degrees of freedom along global X, Y and Z directions. This 
element is suitable for model ing of sol id structures incorporating plasticity, stress 
stiffening, large deflection and large strain  capabi l i t ies (ANSYS 2009). Meanwhi le, 
the un id i rectional nonl inear spring e lement (COMB IN39) is used to model the s l ip 
behavior at the steel-FRP interface fol lowing the profile depicted by Fig.  3 .27. 
COMBIN39 is  a zero-length double-node elemept that connects two i nterface nodes 
with one of them located on the surface of the stee l plate wh i le i ts conjugate node lies 
on the opposite surface of the FRP lam inate. Ear,h of these nodes has up to three 
translational degrees of freedom in  the nodal X, Y, and Z d irections. The d irection of 
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the e lement may be chosen to fol low any of three basic d irections; X, Y, or Z. A 
major characteristic of this e lement is the nonl inear general ized force-displacement 
re lationsh ip that can be used in various analyses (ANSYS 2009). 
3.4.2 . 1  Basic Geometrical Details 
F igures 3 .28(a) and 3 .28(b) show the typical geometry of the tested short and 
long connect ions, respective ly, to be mode led using the fin ite e lement technique. 
S ince the geometry is symmetric about the loading plane, only one half of each 
connection is modeled. As such, one FRP laminate is mode led whi le only half the 
th ickness in the stee l p lates is  considered in the finite e lement model .  The geometry is 
defined us ing a g lobal Cartesian coordinate system with its origin located at the centre 
of the outer surface of the FRP laminate as ind icated in Fig. 3 .29. The longitud inal 
d i rection of the connection is  d i rected a long the X-axis, the width is  paral le l  to the Y­
axis, wh i le the e lements th icknesses are along the Z-axis .  The bas ic geometrical 
parameters of the connection are its width (W), length of FRP lam inate (LFRP), length 
of steel p lates (Lsteel-l ) and (Lsteel-2) and FRP th ickness (tFRP) and steel th ickness (tsteel) 
as shown in Fig. 3 .28 .  The connection between steel and FRP e lements at the 
interface is modeled using the double node technique with each i nterface node on the 
surface of the steel p late being connected to i ts counterpart node on the FRP surface. 
Each two conjugate nodes are connected using a non-l inear spring e lement 
(COMBIN39) directed along the X-di rection. Meanwhi le, fu l l  compat ib i l ity i s  
imposed on the interface nodal d isplacements along the Y and Z-direct ions. This is  a 
val id assumpt ion due to the clamping bolt force in the Z-direction and the suffic ient 
friction at the steel-FRP interface in the Y -direction . 
67 
3.4.2.2 Mesh Generation 
A major constraint that i applied in the mesh generat ion is to provide a key 
node at particu lar points that represent the locations of bol ts connecting steel to FRP 
and the strain gauges mounted to the surface of the FRP lam inate during the test ing 
phase. The area between sLlch key nodes are then meshed using several mesh s izes in 
order to identify the optimum mesh configuration that produces accurate resu lts 
w ith in a reasonable execution time of the model .  I t  i s  found that the re lat ive change in 
resu lts after extra refinement did not exceed 1 % at any displacement. Typical mesh 
configurations are shown in Figs. 3 .29(a) and 3 .29(b) for a short and long connection, 
respect ive ly .  
3.4.2.3 Material Model 
The developed fin ite e lement model uti l izes a detai led mu lt i - l inear material 
model, F ig. 3 .30, to accurate ly represent the behavior of structural steel identified in 
the coupon tests and as d iscussed i n  section 3 .2.  I .2 .  The model incorporates i sotropic 
k inematic hardening with e last ic Young's modulus E = 1 90,000 MPa and strain 
harden ing modulus Et = 4,000 M Fa. In Fig. 3 .30, the e lastic zone extends up to point 
( 1 )  at which the strain £1 i s  given by 
where 
cry i s  the yield stress of the steel material (300 MPa). 
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(3 .3) 
The plast ic zone I ies ben een points ( 1 )  and (2) where C2 = 0.0 1 36 1  [Salmon et 
a l .  (2009)]. The u ltimate stress (Ju = 460 MPa is reached at point (3) where the 
corresponding strain value C) can be expressed as 
(3 .4) 
The FRP laminates are modeled as a l inear elast ic orthotropic material . The 
longitudinal e lastic modulus and the u lt imate tensi le strength are taken as 62, 1 90 MPa 
and 852 MPa, respective ly, as given in the manufacturer data sheet provided by 
SAFSTRlP (Table 3 . 1 ) . The transverse elastic modu lus of the FRP lam inates is taken 
as 4 ,800 M Pa [Kachlakev D. l .  ( 1 998)], wh i le Poisson ' s  ratios uXY' Uxz. and Uyz are 
considered to be equal to 0 .30, 0.22 and 0.22, respectively [Kach lakev ( 1 998), 
Kach lakev and McCurry (2000)] . 
3.4.2.4 Boundary Cond itions and Loading Scheme 
Clamped boundary conditions are imposed to the edge of the steel p late that is  
connected to the fixed machine head during the test. This is  ach ieved by restraining 
al l  t ranslational degrees of freedom, Ux, Uy and Uz, along the clamped edge as shown 
in F igs. 3 .28(a) and 3 .28(b) for the short and long connections, respectively. 
Add it ional ly, symmetry boundary condit ions are ach ieved by preventing out-of-plane 
translat ions, Uz, for all points on the steel surface coinciding with the p lane of 
symmetry.  A l l  the other nodes of the model are left unrestra ined against any kind of 
d isp lacement. The non- l inear analysis is  conducted incrementa l ly in a d isplacement-
control manner through imposing incrementa l  longitudinal d isp lacement ( i .e . ;  + Ux) to 
the loaded edge of the steel plate as shown in Fig. 3 .28.  
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3.5 N U M ERICAL RESULTS AND DISCUSSION 
The developed fin ite e lement model is used to s imu late the behav ior of the 
anchored stee l-FRP connections that have been tested experimenta l ly. The 
characteristics of the spring system s imulating the st iffness of bolts and the bearing 
beha ior of the entire connection in respond ing to the applied load are adopted based 
on the current non-l inear load-s l ip  models shown in Figs 3 .27(a) and 3 .27(b) for 
connections with m inimum sheared edge d istance equal or larger than 40 mm, or 
those with sheared edge distance less than 40 mm, respectively. Addit ional ly, the long 
connections are modeled to investigate the accuracy of the current load-d isplacement 
model in predicting the behavior of longer connections with various spacing values 
between the bolts. 
3.5. 1 Short Connections with Shea red Edge Distance of 40m m  or La rger 
The [mite e lement s imulation is  conducted using the current load-s l ip model 
shown in F ig .  3 .27(a). Figures 3 . 3 1 (a) through 3 . 3 1 (d) show a comparison between 
the experimental and numerical load-displacement curves for the short connections 
w ith rol led edge d istance of 20 mm and sheared edge distance of 40 mm, 50 mm, 
75 mm and 1 00 mm, respectively. By examining these curves, one can infer that there 
is an excel lent match between the experimenta l  outcomes and the numerical model 
predictions. It can be observed that the fin ite element model results in accurate 
predictions for the connection response through the various stages of loading and 
un loading paths. A s imi lar agreement is a lso shown for the short connections with 
rol led edge distance of 25 mm and sheared edge distance of 40 mm, 50 mm 75 mm 
and 1 00 mm as depicted in Figs. 3 . 32(a) through 3 .32(d), respectively. Moreover, by 
comparing the peak load values obtained experimenta l ly by those predicted by the 
70 
finite e lement model, a good agreement is shown with an error in  the range between 
0.25% and 8 .87% a presented in Table 3 .4 .  The results obtained from the verified 
fin i te e lement model confirm the observat ions detected experimental ly regarding the 
behavior of the anchored steel-FRP connect ions. 
The experimental work conducted on three specimens inc ludes measuring 
longitudinal strains in the FRP laminate at three d istinct locations using SO l ,  S02 and 
S03 as shown in Fig. 3 . 1 0(a). Strain gauges S02 and S03 provide sim i lar readings as 
they are used to ensure the symmetrical behavior of the connection during the test. I t  
is worth mentioning that the stra ins are measured on the surface of the FRP laminate 
( i .e .  at the OFRP layer) and are expected to show fluctuation in the i r  values, 
especia l ly at h igh loads when the random fibers in the OFRP layer starts to break and 
stress redistribution occur. The comparison between measured strains and those 
pred icted numerica l ly is i ntended to provide another source of confirmation for the 
accu racy of the developed fin i te e lement model and the current load-sl i p  mode l .  
Figures 3 . 33 (a) through 3 .33(h) show the strain gauge readings SO l and S02 for 
representative specimens R25-Sh40, R24-ShSO, R2S-Sh75 and R2S-Sh I OO, 
respectively. Shown also in the same figures are the strain predictions at the same 
locat ions of SO I and S02 based on the developed finite e lement mode l .  The behavior 
of the curves indicates that they fol low s im i lar trend of the load-displacement re lation 
for the corresponding connection. This means that with the gradual increase i n  
d i splacement, the strains, and consequently the stresses, induced in the FRP  laminate 
increase proport ional ly .  The drop which appears at the last part of these curves (at s l ip  
val ue of I S  mm) is  mainly due to rupture of the FRP fibers resulting from excessive 
bearing which takes place at large displacements. I t  can be also noticed that the curves 
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obtained experimenta l ly are showing good agreement with the numerical predictions 
' h ich al idate the accuracy of the fini te element model .  
3.5.2 Short Con nections with Shea red Edge Distance of Less Than 40m m  
A s  shown i n  the experimental load-displacement curves o f  the short 
connections with sheared edge d istance of less than 40 mm, the efficiency of these 
connect ions drops sign ificantly as the sheared edge distance of the FRP laminate 
decreases. Therefore it is not recommended to use an edge distance of less than 40 
m m  when anchoring FRP laminates and steel e lements mechan ical ly. However, in 
order to verify the accuracy of the fini te e lement model, the load-sl ip model presented 
in Fig.  3 .27(b) is implemented in the fin ite e lement model to evaluate the response of 
specimens R20-Sh30 and R25-Sh30. The comparison between the experimental 
results and the numerical predictions for these specimens is presented in F igs. 3 .34 
and 3 .35,  respect ively, showing very good match. The fin ite e lement model provides 
a lso very good pred iction of the peak load values with error values of J .90% and 
4 .84% as shown in Table 3 . 5 .  
The strain-displacement curves which are obta ined by  test ing the connections 
wi th sheared edge distance of 30 mm are shown in F igs. 3 .36(a) and 3 .36(b) for strain 
measurements at SG I and SG2, respectively. These curves indicate that the peak 
stra in  is reached at relat ive ly smal l  d isplacement compared to s imi lar connections 
with larger sheared edge distance. The general trend of these curves fol lows the load­
d isplacement curve of the correspond ing connections. However, it can be seen that 
drop in the strain value is severe due to the remarkable rupture in the FRP fibers and 
the immed iate load red istribut ion taking place. S ince this study reveal s  that a sheared 
edge d istance of less than 40 mm is not recommended to be used in pract ice, the fin ite 
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element model is not used to model the remaining connections with sheared edge 
distance Jess than 30 mm. 
3.5.3 Long Con nections with Va rious Bol ts Spacing Val ues 
I n  order to validate the capabi l ity of the developed finite e lement model in 
pred ict ing the behavior of stee l-FRP connect ions with two rows of bolts three , 
connect ions with d ifferent configurations are modeled and the resu lts are compared to 
their experimental counterparts. The current load-s l ip model shown in Fig. 3 .27(a) is  
used to define the spring parameters to s imulate the behavior of the bolted 
connections. A very good agreement between the experimental load-d isplacement 
curves and the numerical ones is ach ieved as i l l ustrated in Figs. 3 .37, 3 . 38  and 3 .39 
for long connections with longitudinal bolt spac ing values of 1 00 mm, 1 25 mm and 
1 68 mm,  respectively. A lso, by comparing the peak load values, a smal l margin of 
error that ranges from 1 .0 1 %  to 5 .24% is obtained as indicated in Table 3 .6 .  
In  a s im i lar manner to the short connections, the longitud inal strains in the 
F RP laminate are measured at two locat ions denoted as SG 1 and SG2 as shown in 
F ig .  3 . 1 0(b) .  The stra in-displacement curves are plotted as shown in Figs. 3 .40, 3 .4 1 
and 3 .42 for both strain gauges of specimens R20-Sh50-S 1 00, R20-Sh50-S 1 25 and 
R20-Sh 50-S 1 68, respectively. For a l l  connections it can be observed that strains at 
SO 1 are more than twice as much as those measured at SG2. This is attributed to the 
fact  that SO 1 is located after the second bolt in the connection where all the loads 
have been transferred from the steel p late to the FRP lam inate. It can be also noticed 
that at a part icu lar locat ion, the strain gauge measurements are very c lose for a l l  three 
speci mens. This confirms that the selected values of bolt spacing do not result in any 
s ign ificant alteration in the connection response as shown also by the load-
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displacement re lations presented In Fig. 3 .23 .  The close match between the 
experimenta l  measurements and fin ite e lement pred ict ions provides strong 
erification of the accuracy of the fmite element model and the current load-sl ip 
model .  
3.6 SUMMARY A N D  CONCLUSIONS 
The main objective of the current chapter is  to investigate and establ ish the 
behavior of mechanically anchored stee l-FRP lap connections SUbjected to axial 
tens i le load along its longitudinal d irection. An experimental program is conducted on 
a series of 22 mechanically anchored steel-FRP connections with various geometrical 
and bolt arrangement configurations. Tensi le tests are carried out so that load­
d isplacement relat ionships are produced and the associated F RP longitud inal stra ins 
are recorded. Such data are used to interpret the fai lure modes, to establ ish load-sl ip  
models, and to  verify the finite e lement model .  A nonl inear 3D  finite e lement model 
is  developed using ANSYS software to s imu late the behavior of anchored stee l-FRP 
assembl ies and to pred ict their load carrying capacity .  The current load-sl ip models 
are incorporated into the finite e lement model to address the steel-FRP interfacial 
behavior. Comparisons between the finite e lement predictions and the experimental 
results show very good agreement which val idates the accuracy of the current load­
s l ip  models and the developed fmite e lement model .  In v iew of the experimental and 
numerical outcomes, the fol lowing conclusions can be drawn : 
• The current anchoring techn ique provides an efficient assembly with duct i le 
behavior. 
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• Fai lure of tested assembl ies is control led primarily by a combination of bearing in 
FRP laminates and bending in the steel bolts that connect the steel plates to the 
FRP laminates. 
• The optimum sheared edge distance in the FRP lam inate that is mechan ical ly 
anchored to stee l with bolts of 6 mm diameter is shown to be 40 mm. The load­
d isplacement curves reveal that when the sheared edge distance fal ls below this 
l im i t, the efficiency of the connection is s ign ificantly reduced to the tear-out 
fai lure .  
• The influence of the considered rol led edge distance ( i .e .  20 rnm and 25 mm) on 
the load carrying capacity of anchored steel-FRP connections is shown to be 
i ns ign ificant. Th is is attributed to the fact that the FRP laminates used in th is 
study have h igh bearing and longitudinal propert ies. As such, the majority of the 
load transfer occurs in the longitudinal d irections i rrespective of the lam inate 
length in the transverse d i rection. However, it is practical to maintain a 
reasonable edge distance (e.g., equal or more than 20 mm) between the s ide edge 
of the FRP lam inate and the bolt hole. 
• Using hole spacing greater than the optimum sheared edge d istance ( i .e .  greater 
than 40 rnm) seems to have insignificant effect on the performance of anchored 
steel-FRP connections. This concl us ion is  supported by the sim i lar load-sl ip and 
FRP stra ins obtained experimental ly for d ifferent bolt spac ing. 
• Two load-sl ip models are developed to faci l itate simulating the anchored stee l­
FRP interfacial behavior. These models are incorporated i n  3D finite e lement 
analyses. The agreement between numerical predictions and experimental 
outcomes proves the accuracy of these interfac ial models. 
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Table 3 . 1 :  Mechanical Propert ies of FRP Laminates (Provided by the Manufacturer). 
. .... . � .• "'�. Average Value Design Value I� ASJ'M ;:;>f�' ;�:: (MPa) (MPa) Test Method 
Tensi le Strength 852 640 D-638 
Tensi le  Modulus 62, 1 90 62, 1 90 D-638 
C lamped Bearing Strength 35 1 279 D-596 1 
UncJamped Bearing Strength 2 1 4  1 80 D-596 1 
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Table 3 .2 :  Configurations of the First Assembly (Short Connections) of the Tested 
Specimens. 
1 5  
RlO-Sh20 20 20 
RlO-Sh30 20 30 
RlO-Sh40 20 40 
R20-Sh50 2 20 50 
R20-Sh75 2 20 75 
RlO-Sh l OO 20 1 00 
Rl5-Sh 1 5  25 1 5  
R25-Sh20 25 20 
Rl5-Sh30 25 30 
R25-Sh40 25 40 
Rl5-Sh50 2 25 50 
Rl5-Sh75 2 25 75 
Rl5-Sh l OO 1 25 1 00 
Table 3 . 3 :  Configurat ions of the Second Assembly (Long Connections) of the Tested 
Spec imens. 
ID No. of RolJed Edge I' Sheared Edge Spacing between 
'.'"' Ii Tests, �  Distance (rom) l� �Distance (mm) Botts (nun) 
RlO-Sh5 O-S 1 00 2 20 50 1 00 
R20-Sh50-S 1 25 2 20 50 1 25 
R20-Sh50-S 1 68 2 20 50 1 68 
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Table 3 .4 :  Experimental and Numerical Load Values for Short Connections 
ith heared Edge Distance of 40 mm or Larger. 
Co o:t, ,: .... e i;., !W "t''77> <"�'. 
R20-Sh40 
R20-Sh50 
R20-Sh75 
R20-Sh I 00 
R25-Sh40 
R25-Sh50 
R25-Sh75 
R25-Sh l OO 
tJaximum Appli� ��_A;n,�� �;�� 
Experimental Numerical �� 
4 1 .9 1  40.47 3 .44 
40.23 40.46 0 .57 
39 .07 40.47 3 .58  
39 .30 40.20 2 .29 
40.58  40.48 0.25 
38 . 1 2  40.48 6 . 1 9  
37. 1 9  40.49 8 .87 
37 . 7 ]  40.48 7 .35 
Table 3 .5 :  Experimenta l  and Numerical Load Values for Short Connections 
with Sheared Edge Distance of 30 mm. 
Maximum Applied Load (kN) Co�on ID 
Experimental Numerical 
R20-Sh30 34.68 33 .00 
R25-Sh30 33 .64 33 .00 
�: 
, r, .-r (%) � , 
4 .84 
1 .90 
Table  3 .6 :  Experimental and Numerical Load Values for Long Connections. 
� ID 
R20-Sh50-S 1 00 
R20-Sh50-S 1 25 
R20-Sh50-S 1 68 
aMaximum Applied J, ..... .  ilrN} 
Experimental N 
. 1 (A ) umenca verage 
39.50 37.52 
37.60 39.57 
39 .5 1 39.9 1 
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Figure 3. 1 :  Cross-section of the FRP Laminate Used in  the Experimental Program. 
Figure 3 .2 :  Dimensions of Steel Plate Coupon (mm) [According to ASTM A370-03al 
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F igure 3 .3 :  Stee l Coupon Being Tested in MTS Machine .  
(a) 
(b) 
F igure 3 .4 :  Photos of the Steel Coupon (a) Before Test ing and (B) After Testing. 
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(a) Sketch. (b) Photo. 
F igure 3 . 5 :  M 6x25 Bolts Used in the Experimental Study. 
8 1  
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S ide V iew 
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s s e  s 
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F igure 3 .6 :  Schematic V iews of the First Assembly (Short Connections). 
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Figure 3 .7 :  Schematic Views of the Second Assembly (Long Connect ions). 
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Figure 3 .8.  Geometrical Details of tbe Sbort Specimens (in millimeters). 
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Figure 3 . 9(a): Geometrical Details of the Long Specimen R20-Sh50-S 1 00 (in millimeters). 
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Figure 3 . 9(b): Geometrical Details of the Long Specimen R20-Sh50-S 1 2 5  (in millimeters). 
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Figure 3 . 9(c): Geometrical Details of the Long Specimen R20-Sh50-S 1 68 (in millimeters). 
F igure 3 . 1 O(a) : Strain Gauges Locations in Short Connect ions. 
F igure 3 . 1 O(b): Strain Gauges Locations in Long Connections. 
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Figure 3 . 1 1 :  Close-up Photo Showing In i tiation of Bearing Fai lure. 
F igure 3 . )  2 :  Close-up Photo Showing Bending in  Bolts. 
89 
Figure 3 . 1 3 : Close-up Photo Showing Tear out Fai lure in the FRP Lam inate. 
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F igure 3 . 1 4(a) : Load-Displacement Curves for Short Connections with Rol led Edge 
Distance of 20 mm and Sheared Edge Distance of 40mm or Larger. 
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F igure 3 . 1 4(b): Load-Displacement Curves for Short Connections with Rol led Edge 
Distance of 25 mm and Sheared Edge Distance of 40mm or Larger. 
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F igure 3 . 1 S (a): Load-Displacement Curves for Short Connections with Sheared Edge 
D istance of 40 mm. 
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F igure 3 . 1 S(b): Load-Disp lacement Curves for Short Connect ions with Sheared Edge 
Distance of SO mm. 
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Figure 3 . 1 5(c) :  Load-Displacement Curves for Short Connect ions with Sheared Edge 
D istance of 75 mm.  
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Figure 3 . l 5(d): Load-Displacement Curves for Short Connect ions with Sheared Edge 
D istance of 1 00 mm. 
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F igure 3 . 1 6 : Photos for Testing of Specimens (a) R20-Sh40 and (b) R25-Sh40. 
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Figure 3 . 1 7 : Photos for Testing of Specimens (a) R10-Sh50 and (b) R15-Sh50. 
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F igure 3 . 1 8 :  Photos for Test ing of Specimens (a) R20-Sh75 and (b) R25-Sh75. 
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Figure 3 . 1 9 : Photos for Testi ng of Specimens (a) R20-Sh l OO and (b) R25-Sh 1 00.  
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F igure 3 .20(a): Load-Displacement Curves for Short Connections with Rol led Edge 
Distance of20 mm and Sheared Edge Distance Less than 40mm . 
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Figure 3 . 20(b) : Load-Displacement Curves for Short Connect ions with Rol led Edge 
Distance of25 mm and Sheared Edge Distance Less than 40mm.  
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F igure 3 .2 1 :  Tear out Fai lure of Specimen R2S-Sh l S .  
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Figure 3 .22(a): Load-Displacement Curves for Short Connections with Sheared Edge 
Distance of 1 5  mm. 
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Figure 3 .22(b): Load-Displacement Curves for Short Connect ions with Sheared Edge 
Distance of 20 mm.  
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Figure 3 .22(c): Load-Displacement Curves for Short Connections with Sheared Edge 
Distance of 30 mm.  
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F igure 3 .23:  Load-Displacement Curves for Long Connections. 
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Figure 3 .24 : Photos of Spec imen R20-ShSO-S 1 00 (a) During Test and (b) At Fai l ure. 
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F igure 3 .25 : Photos of Specimen RlO-Sh50-S 1 25 (a) During Test and (b) At Fail ure .  
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Figure 3 .26 :  Photos of Specimen R20-Sh50-S 1 68 (a) During Test and (b) At Fai l ure. 
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Figure 3 .27(a): Non- l inear Load-S l ip  Model for Sheared Edge Distance of 40 mm or Larger. 
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Figure 3 .27(b): Non-linear Load-Sl ip Model for Sheared Edge Distance less than 40 nun. 
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F igure 3 .28(a): General Geometry of Half-Model of Short Connect ions. 
F igure 3 .28(b): General Geometry of Half-Model of Long Connect ions. 
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F igure 3 .29(a): Typical Mesh Configurat ion for Half-Model of Short Connections. 
Figure 3 .29(b): Typ ical Mesh Configuration for Half-Mode l of Long Connect ions. 
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F igure 3 .30 :  Ideal ized Stress-Strain Relat ionsh ip for Model ing of Steel Materia l .  
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F igure 3 . 3 1 (a): Experimenta l and Numerical Load-Displacement Curve for 
Connection R20-Sh40. 
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F igure 3 .3 1 (b): Experimental and Numerical Load-Displacement Curve for 
Connect ion R20-ShSO. 
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Figure 3 .3 1 (c) :  Experimental and Numerical Load-Displacement Curve for 
Connection R20-Sh7S. 
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Figure 3 . 3 1 (d): Experimental and Numerical Load-Displacement Curve for 
Connection R20-Sh 1 00. 
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F igure 3 .32(a) : Experimental and Numerical Load-Displacement Curve for 
Connect ion R2S-Sh40 . 
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Figure 3. 32(b): Experimental and Numerical Load-Displacement Curve for 
Connection R2S-ShSO. 
1 1 2 
-t 5  
-to 
3S 
30 � �S  
'e � 20 oS 
I S  
1 0  
5 
0 - -,--,-
0 :2 6 8 1 0  1 2  I -t  16 1 8  20 � "l  2-t 
Displacement (mm )  
- - - - Experimental - Fin.ite Element 
Figure 3 .32(c): Experimental and Numerical Load-Displacement Curve for 
Connect ion R25-Sh75 . 
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Figure 3 . 32(d): Experimental and Numerical Load-Displacement Curve for 
Connection R25-Sh 1 00. 
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Figure 3 . 33 (a): Experimental and Numerical Strain-Displacement Curves for Short 
Connection R25-SMO at SO 1 Location. 
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F igure 3 .33 (b): Experimental and Numerical Strain-Displacement Curves for Short 
Connection R25-Sh40 at S02 Location. 
1 1 4 
900 
800 
-00 
� 600 
� 500 
:: 
;r.: -l00 � .WO 
1 00 
o 
o 6 8 1 0  C l -l  1 6  1 8  20 22 2-l 
Disll lacf'lDent (nun) 
- - - - Expelimenlal - Finite Element 
Figure 3 .33(c) :  Experimental and Numerical Strain-Displacement Curves for Short 
Connection R2S-ShSO at SG 1 Location. 
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F igure 3 .33(d) :  Experimental and Numerical Strain-Displacement Curves for Short 
Connection R2S-ShSO at SG2 Location. 
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Figure 3 .33(e): Experimental and Numerical Strain-Displacement Curves for Short 
Connection R15-Sh75 at SO I Location. 
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F igure 3 .33(f):  Experimental and Numerical Strain-Displacement Curves for Short 
Connection R15-Sh75 at S02 Location. 
1 1 6 
900 
800 
"00 
--
600 eN ,,:, - 500 � 
.= 400 ." � 300 
�OO 
1 00 
0 
0 6 
---�-1 
8 1 0  1 2  1 4  1 6  1 8  20 ... ... 24 
DisplaCt'lDf'lIt (nun) 
- - - - Experimental - Finite Element 
F igure 3 .33 (g) : Experimental and Numerical Strain-Disp lacement Curves for Short 
Connection R25-Sh 1 00 at SO 1 Locat ion. 
--
:t ,:. 
-
.:: ('; 
.= 
� � 
1 000 
900 
800 
"00 
600 
500 
400 
300 
200 
1 00 
0 
0 6 8 1 0  1 �  1 4  1 6  1 8  20 .., ..,  �4 
Dlspiacement (1010) 
- - - - Expellmental - Fi.llte Element 
F igure 3 .33(h) :  Experimental and Numerical Strain-Displacement Curves for Short 
Connection R25-Sh 1 00 at S02 Location. 
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Figure 3 .34 :  Experimental and Numerical Load-Displacement Curve for Short 
Connection R20-Sh30. 
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F igure 3 . 3 5 :  Experimental and Numerical Load-Displacement Curve for Short 
Connect ion R25-Sh30. 
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Figure 3 .36(a) : Experimental and Numerical Strain-Displacement Curves for Short 
Connection R2S-Sh30 at SG 1 Location. 
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F igure 3 .36(b): Experimental and Numerical Strain-Displacement Curves for Short 
Connection R2S-Sh30 at SG2 Location. 
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F igure 3 .37 :  Experimenta l and Numerica l Load-Displacement Curve for Long 
Connection R20-ShSO-S 1 00. 
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F igure 3 .38 :  Experimenta l and Numerical Load-Displacement Curve for Long 
Connect ion R20-Sh50-S 1 25 .  
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Figure 3 .39 :  Exper imenta l and Numerical Load-Displacement Curve for Long 
Connection R20-ShSO-S 1 68 .  
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Figure 3 .40(a): Experimental and Numerical Strain-Displacement Curves for Long 
Connection R20-ShSO-S 1 00 at SG 1 Location. 
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Figure 3 .40(b): Experimental and Numerical Strain-Displacement Clirves for Long 
Connection R20-ShSO-S 1 00 at SG2 Location. 
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Figure 3 . 4 1 (a): Experimental and Numerical Strain-Displacement Curves for Long 
Connection R20-Sh50-S 1 25 at SO 1 Location . 
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Figure 3 .4 1 (b) :  Experimental and Numerical Strain-Displacement Curves for Long 
Connection R20-Sh50-S 1 25 at SG2 Locat ion. 
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C H A PT E R  4 
F L E X U RA L  STRENG T H E N I NG O F  STE E L  B EAMS WITH 
M EC H A N ICA L L Y  ANCHORED FRP LA M I NATES 
4. 1 I NTRODUCTION 
The use of fiber re inforced polymers (FRP) in strengthen ing structural 
elements such as concrete, masonry and t imber has been effectively used during the 
past two decades. The remarkable interest in using these composite materia ls in Civ i l  
Engineering appl ications l ies in the benefits they provide among other strengthening 
techniques. The main advantages of these materials are their high strength to we ight 
rat io, the ease of appl ication to an existing structure and their h igh resistance against 
chemical attacks. Several research works related to the influence of strengthening 
stee l members with bonded FRP composites have been carried out. These studies 
have revealed that the use of conventional FRP to strengthen steel structures resu lts in 
l itt le  improvement in the elastic range of behav ior but sign ificant improvement in the 
ine lastic range. Th is behavior is attr ibuted to the smal l  modulus of the conventional 
FRP p lates re lative to the e lastic modulus of stee l .  However, as the steel becomes 
ine lastic and its modulus reduces significantly, the re latively st iffer FRP enhances the 
effect ive sect ional properties considerably. 
There are several advantages of the mechanical ly anchored method in 
attaching the FRP laminate to the structural element. For instance, it requires m inimal 
surface preparat ion which leads to considerable t ime saving since sandblasting, 
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c lean ing and appl icat ion of adhes ive are not a concern. Also, the use of this technique 
in rea l l i fe situations is more practical since no restrictions on the temperature and 
humid ity as opposed to the bonded system [STRONG WELL ® Manufacturer 
DatasheetJ. Moreover, the repaired or strengthened structure can be used immediately 
after the FRP lam inate is anchored without the need to wait for the adhesive to reach 
its fu l l  bonding strength.  Furthermore, the appl icat ion of mechan ical ly anchored FRP 
can be easi ly conducted using standard tools  which is  not the case during the 
insta l lation of externa l ly bonded lam inates. 
Th i s  chapter presents an experimental program that is carried out to 
invest igate the potential gain in the strength of steel beams when strengthened with 
mechanical ly anchored composite FRP laminates. Besides, the experimental program 
a ims at studying the effect of the composite FRP laminate length and th ickness on the 
behav ior of the strengthened steel beams by observing the load-deflection curves, 
stra in d i stribution and the corresponding fai lure modes. A total of e leven spec imens 
are tested under flexure in a three-point loading setup. A l l  of the tested spec imens are 
instrumented w ith a l i near variable displacement transducer (LVDT) to measure the 
deflection at the m id-span section . In add ition, several e lectrical resistance strain 
gauges are insta l led at d ifferent locat ions on the beams cross section and along the 
length  of the FRP lam inate. The read ings obtained from these measurement tools  are 
used i n  p lott ing the necessary curves to assist in analyzing the performance of each 
specimen.  Also, these experimental measurements are ut i l ized to verify the accuracy 
of a deta i led fin ite e lement model that is developed in a concurrent research study 
re lated to the same topic. More in-depth d iscussions on the strains and stresses 
induced in the strengthened spec imens are presented based on the outcomes of the 
val idated finite e lement mode l .  
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4.2  TEEL BEAMS SPEC IMENS 
The !lexural behavior of I -shaped steel beams strengthened with FRP 
lam inates that are attached to the bottom flanges of the beams using mechanical 
fasteners is in estigated experimental ly. A total of e leven VB 203x 1 02x23 universal 
steel beams each cut to a length of 3 ,000 mm are tested. For a l l  beams, the c lear span 
between the 1:\\'0 vert ical supports is set to 2,750 mm. Three of these beams are used 
as contro l  specimens to provide reference response characteristics of steel beams. The 
remain ing eight specimens are subjected to various strengthening configurat ions as 
w i l l  be expla ined in detai ls at a later stage. The se lection of the beam span and cross­
section is conducted based on a pre l im inary study considering the capacity of the 
loading frame avai lab le in the structural laboratory at UAE Un iversity and the 
ava i lable sect ions in the market. The measured d imensions of a typica l  cross-section 
of the tested beams are shown in  Fig. 4 . 1 .  In order to prevent local buckl ing fai lure 
mode 1 2  m m  th ick stiffener plates are welded to each beam at e leven d i fferent 
locations that inc lude the load ing point, the region extending around the beam mid­
span and near the supports. Two steel end p lates with a th ickness of 1 2  mm are a lso 
attached to the beam ends. The typical d istribution of the transverse stiffeners along 
the length of the beam is shown in Fig. 4.2. The bottom flanges of a l l  beams are 
dr i l led us ing 6 mm dri l l  bit at un iform longitudinal spacing of 50  mm to accommodate 
various connection configurat ions with bolts spaced at 50 mm or 1 00 mm.  Each hole 
had an edge d istance of 25 mm from the flange rol led edge. I t  shou ld be noted that the 
same number of dri l led holes is maintained in all beams to ensure that the strength 
reduction in the steel section due to such holes is identical for a l l  specimens. Two 
hooks are welded to the top flange near the beam ends, Fig. 4.2, in  order to fac i l i tate 
the hand l i ng process during spec imens' preparat ion and testing phases. Detai led 
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drawings sho\ ing various views and sections of the tested spec imens are i l l ustrated in 
F igs. 4.2 through 4 .4. Moreover, a deta i led 3D drawing of a typical stee l beam is  
shown in Fig .  4 . 5(a) for more clarity. 
4.3 STRENGTH ENED STE EL BEAMS 
Ful l -sca le steel beams are tested to assess the efficiency of the mechanical ly 
anchored FRP lam inates in strengthen ing flexural steel elements. The effect of the 
FRP length  and thickness on the response of the strengthened beams is also 
invest igated. The strengthening FRP laminates are provided by STRONG WELL ® 
manufacturer in ro l ls of 30 meters. Detai led descript ion of the FRP laminates is  
presented i n  section 3 .2. 1 . 1 .  These lam inates can be cut longitud inal ly and 
transverse ly easily using ordinary e lectric saw to the required strips sizes. The bolts 
used in attach ing the FRP laminates to the bottom flanges of tested steel beams are 
purchased from H i lt i  with the properties and specificat ions as given in section 3 .2 . 1 .3 
of  Chapter 3 of this thes is. The mechanical properties of the steel beams are obtained 
by tens i le  testing of six steel coupons using MTS machine in accordance with ASTM 
standards (A370-03a). The coupons are cut to a spec ific geometry s imi lar to the steel 
coupons previously d iscussed in chapter 3 (Section 3 .2. 1 .2) .  Three of these coupons 
are cut from the web and the other three are taken from the flange. The dimensions of 
the stee l coupons are s imi lar to the one shown in Fig. 3 .2 but with a d ifferent 
th ickness that matches the th ickness of e ither the web or the flange. The test results of 
the steel coupons reveal that the obtained mechanical propert ies are un i fonn and 
having very c lose values. The average values are considered as representat ive to the 
mechanical propert ies of the beams with 335  MPa for yield stress, 429 M Pa for 
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ult imate strength, 1 90,000 M Pa for the modu lus of elastic ity, 5 ,700 MPa for the 
modu lus of strain hardening and 0.3 for Poisson ' s  rat ion . According to the conducted 
experimental program, three beams are tested as control specimens without 
strengthening, s ix beams are strengthened with one layer of FRP lam inate and two 
more beams are strengthened with two layers of FRP laminates. I n  the set of beams 
with one layer of FRP lam inate, the FRP strips are cut into various lengths of 1 200 
mm, 1 800 mm and 2200, wh i le in the second set of beams with two FRP layers, FRP 
lengths of 1 ,200 mm and 2,200 mm are considered. The typical width of each 
lam inate is 1 0 1 .6 mm which is s l ightly smal ler than the width of the beam flange of 
1 03 . 1 4  mm .  Table 4 . 1 summarizes the various propert ies of the tested beams. As 
ind icated in the table, spec imens can be d i fferentiated based on the number of the 
FRP  lam inates used in each beam and the length these lam inates. The des ignation of 
the spec imens is based on these two main parameters. The letter "S" refers to a single 
layer of FRP  whereas the letter "D" indicates double layers of FRP. The number next 
to the letter stands for the length of the FRP lam inate used in  strengthening the beam. 
Test ing of the majority of the specimens is repeated more than once as ind icated by 
the number of specimens sho'l' n i n  Table 4 . 1 .  Figures 4 . 5 (b) through 4 . 5(f) show 
schematic v iews for the strengthened specimens S2200, S 1 800, S 1 200, D2200 and 
D 1 200, respectively. 
4.4 STRENGTHEN ING OF THE STE EL SPECIM ENS 
The practice of strengthening steel beams with mechanica l ly anchored 
composite FRP lam inRtes is new and st i l l  in its infancy. One of the main 
d i sadvantages of bonding the F RP materials to structural elements via epoxy resin is  
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the effort and t ime con umed in surface preparation taking into account its chemical 
and mechanical propert ies. Also, an appropriate bond ing system requ ires a suffic ient 
t ime measured in days in order to obta in the h ighest efficiency of the system. 
However, the procedure of preparing mechanical ly anchored system is qu iet s imple 
and requ i res basic labor sk i l l s to connect the FRP lam inates to the steel beams. 
Moreover, the strengthened section can be exposed to loads immediate ly once a l l  
bolts are properly t ightened. The procedure that is  carried out to strengthen steel 
beams with FRP laminates includes three main steps as out l ined in the fol lowing 
subsections. 
4.4. 1 Steel Beams Preparation 
Although the steel beams are obtained from the manufacturer according to the 
provided drawings described previously with all holes dri l led and all st i ffeners 
welded, some extra checks are conducted in order to avoid any probable d iss im i larity 
between the specimens. Firstly, the beams cross-sectional dimensions, the locat ion of 
the st iffeners, the location of the holes gauge l ines and the spacing between holes are 
measured and verified against the spec ified drawings. Then, the beams are c leaned 
from a l l  sorts of dust and grease that accumulated on the beams surfaces during 
fabricat ion and transportation . S ince the beams are coated with corrosion-resistant 
paint, the dust is wiped by wet towel and the smal l grease spots are c leaned by 
acetone sol ut ion. After that, the fabricat ion and welding residuals  located at the 
bottom side of the bottom flange are removed using a rough sanding bel t  in order to 
ensure that no obstac les exist between the FRP lam inate and the flange of the steel 
beam when attached to each other. Next, the paint at the proposed locat ions of strain 
gauges is removed unt i l  the smooth grey steel surface appeared. This step ensures that 
the strain gauges are in d irect contact with the surface of the steel beams when 
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mounted to them by a pec ial type of glue as stated in section 3 .2.2.4. Final ly, the 
beams are stored in a c lean and dry area in the structural laboratory at room 
temperature and very low humidi ty conditions. 
4.4.2 Com posite FRP La m i nates Prepa ration 
The composite FRP lam inates used in strengthen ing the steel beams are cut 
from the same rol l s  used in form ing the steel-FRP connect ions that are tested in  the 
previous phase of the experimental program as detai led in Chapter 3. These rol ls are 
extended and cut transverse ly at spec ific locations in order to fonn FRP lam inates 
with the required lengths and quantities. For a l l  spec imens, the length of these 
lam inates is chosen to be less than the clear distance spacing between the vertical 
supports. In order to mark the exact locations of the required holes in  each laminate, it 
is temporari ly attached to the beam's flange using tape. Then, a colored l iqu id i s  
sprayed through the hole in the beam's flange to  mark the exact hole location in  the 
FRP  lam inate. Once the spray dried, the marked FRP lam inates are taken to the 
machi ne shop to be dri l led at the marked hole locat ion using 6 mm dri l l  bits. Later on, 
the lam inates are wiped out by a wet towel to remove a l l  the FRP fibers dust 
generated from the dri l l ing process. F inal ly, the lam inates are stored at room 
temperature in a c lean and dry place to avoid any sort of damage unt i l  appl ication. 
4.4.3 A pplication of the F RP Laminates to the Steel Beams 
Having prepared both the steel beams and the FRP lam inates as described in 
the previous subsect ions, the components are ready to be joined using the 6 mm 
galvanized steel bolts described in  section 3 .2. J . 3 .  The steel beams are l ifted using a 
mobi le crane avai lable in the structura l  lab and p laced in a reversed orientation with 
the bottom flanges fac ing up. The next step involves placing the FRP lam inate that 
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belongs to the beam under consideration in the correct posit ion by which the holes in 
the beam bottom flange matches the holes in the FRP lam inates. Two washers are 
then used to increase the bearing area at both sides of the connection and the nut is 
tightened to an average man power using a suitable wrench .  This process is  repeated 
for a l l  the bolts unt i l  the FRP lam inates are perfectly attached to the ir  corresponding 
stee l beams. Final ly, the strengthened beams are stored in a c lean and dry place unt i l  
the are tested. 
4.5 TEST SETUP 
A l l  spec imens are tested in three points load ing scheme in wh ich the load is 
appl ied at the m id-span section using a cyl indrical loading block. As ment ioned 
earl ier, st iffeners are welded to the beams webs and flanges at the locations of direct 
concentrated load ing and reactions to avoid local instabi l ity and/or web crippl ing. 
Beams are s imply supported by cyl indrical bearing blocks spaced at 2750 mm as 
shown in Fig. 4.6. Latera l torsional buckl ing is  the tendency of the compression 
flange and part of the web to buckle latera l ly as if they act as a compression member. 
This mode of fai l ure occurs when the latera l ly unsupported length of the beam 
exceeds a spec ified l imit  for the un braced length at wh ich the section can achieve 
plastic moment strength [Salmon et. al. 2009]. Therefore, in order to prevent lateral 
torsional buckl ing during load appl ication process, a l l  specimens are equipped with 
two pairs of lateral supports as shown in  Figs. 4.6 and 4.7. The triangular panel  of the 
bracing system is  fabricated from double L70x70x7 sections with 1 0  mm th ick tie 
plates as shown in  Fig. 4 .8(a). The pane l is  supported by a 300 mm wide base plate 
that is fixed to the strong floor by two anchor bolts having 25 mm d iameter each as 
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shown in F ig. 4 . 8(b). As ind icated in Fig. 4.6, lateral supports are placed close to the 
m id- pan section where the bending moment and the associated compression in the 
flange are maximum.  A gap of 1 mm between the lateral bracing system and the t ips 
of the flanges is left and the surface of the each lateral brac ing panel is greased in 
order to e l im inate any potent ial frict ion with the steel beam in i ts deformed shape 
espec ial ly at h igh load values. The spec imens are loaded using a hydraul ic actuator 
with 200 leN capac ity. Accord ing to prel iminary calcu lations, onset of yield ing of the 
steel section is expected to occur at a load value of about 1 1 0 kN . Thus, a load 
increment of 5 kN is adopted for load value not exceeding 90 kN after which the load 
increments are reduced to 2 kN for better accuracy. 
4.6 I NSTRUMENTATION 
Experimental measurements are presented based on load-strain and load-m id­
span deflection re lationsh ip. Each spec imen is  instrumented with ten longitudinal ly­
oriented 3 mm electrical resistance strain gauges and one l inear variable d isplacement 
transducer (L VDT) device .  The stra in gauges are mounted to the cross-section of the 
steel beam near to its m id-span and also to the surface of the FRP lam inates along i ts 
length . The strain gauge measurements are used later to plot the strain distribution on 
the beam's cross-section, to sketch the strain profi le over the section height and to 
obta i n  the stra in variation along the beam span at d ifferent loading values. The strain 
gauges are connected to TC-3 1 K d igital strain meter that automat ical ly senses and 
converts the change in electrical resistance to d i rect strain va lues expressed in m icro­
stra in .  The locat ions of these stra in gauges mounted to specimens S2200, S I 800, 
S 1 200, D2200 and 0 1 200 are shown in Figs. 4 .9(a) through 4.9(e), respectively. 
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Meanwhi Ie, the L VDT is used to measure the vertical deflection at the beam mid-span 
section in order to produce the load-deflection curve for each spec imen. The LVDT is 
a lso connected to a digital meter that provides the displacement to the nearest 0 . 1 mm. 
4.7 D I SCUSS I ON OF EXPERI MENTAL RESULTS O F  INDI VIDUAL 
SPECI MENS 
The experimental behavior of the tested specimens with d i fferent 
configurations is presented in this section based on the load-deflection relat ionships. 
The fai lure modes control l ing the response are also identified. I l lustrat ive photos 
taken during the test are provided to show the response of tested beams at d ifferent 
loading stages. The excel lent agreement between the experimental measurements 
resul t ing from repeated tests on specimens with the same configurat ions confirmed 
the accuracy of the experimental process. Therefore, the experimental resu lts 
presented from this point forward are shown for representative spec imen for each 
configurat ion . Table 4.2 deta i l s  the yield load, yield moment, u ltimate load and 
u l t imate moment of the tested spec imens. Table 4.3 shows the increase in the yield 
strength and the increase in the u lt imate capacity of the strengthened specimens 
compared to the control beams. F igures 4 . 1 O(a) through 4 . 1 0(f) show the load­
deflect ion curves for specimens CB, S2200, S 1 800, S 1 200, D2200 and D 1 200 
compared to the control beam, respectively. Detai led discussions of the results 
presented in  these figures are provided in  the fol lowing subsect ions. 
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4.7. 1 peci men C B  (Control Bea m )  
Unstrengthened control beams are tested to assess the perfomlance of  steel 
beam that are used as basis for comparison with the perfonnance of specimens with 
mechanica l ly anchored FRP laminates. The load-deflection re lationsh ip at the mid­
span section for a typical control beam (CB) is shown in Fig. 4 . 1 0(a). Th is load­
deflection curve shows a typical stee l beam behavior and may be d iv ided into three 
main regions, namely; the elast ic region, the transit ional region and the i ne last ic 
region.  In the e lastic region, the load-deflection relationsh ip is almost a straight l ine 
w ith a posit ive s lope equal to the Young's modulus of the steel material of the beam. 
Th i s  region extends to a load value of 1 1 0 leN. Then, the slope of the curve starts to 
decrease s lowly representing the yield status of the section at m id-span where the 
LVDT is p laced. Th is drop in the s lope ind icates gradual yield ing of the stee l fibers 
across the height of the m id-span sect ion unti l  the section becomes h ighly yielded at a 
load value of about 1 1 9 leN. I n  th is last region of the load-deflection curve, h igh 
deflect ion occurs with sl ight increase in  the load carried by the beam section. During 
th i s  stage, yield ing is  also spreading along the span of the beam. A more in-depth 
d i scussion of the state of stresses affecting the strengthened beam section at various 
load ing stages is  presented in section 4.9. The test is tenninated once the beam 
reached i ts u l t imate carrying capac i ty at a load value of 1 44 leN (Fig. 4 . 1 0Ca)). The 
beam is found to fai l  due to h igh deflections associated with local buckl ing in the 
upper flange .  The use of the stiffeners delays the onset of local buckl ing at the beam's 
m id-span where maximum bending moment takes place. However, this type of fai lure 
mode occurs at very h igh load level in  the plastic range of the response [Y ura et. aI . ,  
1 978] .  S l ight lateral tors ional buckl ing is  a lso observed in the defonned shape of the 
beam at fa i l ure. Based on this discussion, i t  can be noted that the yield flexural 
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strength of the beam reaches about 75.6 kN.m at mid-span load of Py= 1 1 0 kN and 
ert ical deflection of 1 5 . 9  mm at the mid-span. Addit ional ly, the u lt imate flexural 
strength of the beam is estimated to be about 99.0 kN .m (Pu= 1 44 kN) at a maximum 
deflect ion of 1 08.4 mm.  
4 .7 .2  Specimen S2200 
In this spec imen the length of the FRP lam inate represents 80% of the clear 
span length .  Figure 4 . 1 O(b) shows the load-deflection curve for specimen S2200 
compared to the control beam. Experimental observations indicate that steel beams 
strengthened with a single FRP layer of 2200 mm in length fai l  by combination of 
excessive deflection, bearing fai l ure in the FRP laminate and rupture of some fibers. 
Add it ional ly, the onset of local buckl ing is  noticed at a load value of 1 58 kN and a 
vert ical deflection of 92.3  mm.  Cl icking noises started to be heard when the deflection 
in the beam exceeds 1 1 0 mm ind icating rupture in the lam inate's fibers. Y ield strength 
of 80.4 kN .m (Py= 1 1 7  kN) is obtai ned wh ich indicates an improvement in the yield 
strength of about 6.4%. Ul t imate strength of 1 1 8.3  kN.m (Pu= 1 72 kN) is  reached 
which impl ies an increase in the u ltimate carrying capacity of the specimen of 1 9 .4% 
compared to the unstrengthened spec imen. The slope of the load-deflection curve of 
the strengthened beam in the elastic range exhibits a l i near behavior s imi lar to the 
s lope of the control beam.  The s lope and consequently the st i ffness of the load­
deflection curve are gradual ly reduced in the transit ional region shown in a loading 
range between 1 1 7  kN and 1 2 1  kN. The change of the slope in  the transit ional range 
i nd icates the spread of yield ing from the outer fibers extreme towards the center of the 
m id-span steel sect ion. A fter this region, the curve cont inues to ascend steadi ly. I t  
should be noted that the slope of the ine lastic segment of the curve is  h igher than the 
s lope of its counterpart in the control beam specimen. This increase in the inelastic 
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stiffness is attri buted to the higher st iffness of the FRP lam inate re lat ive to that of 
stee l beyond its ield point. The spec imen is considered to fai l  once the section 
reaches its u l t imate carrying capacity ind icated by the drop in the load-deflection 
curve.  However, the test is kept continued in order to track the type of fai l ure whether 
it is duct i le or britt le. A l l  spec imens underwent large deflect ions before fai l ure wh ich 
indicates a favorable duct i le mode of fai l ure. Figure 4 . 1 1  shows photos at different 
load ing stages for specimen S2200. 
4.7.3 S pecimen S 1 800 
The load-deflection curve of the stee l beam strengthened with 1 800 mm single 
layer FRP lam inate shows s im i lar slope in  the l i near region to that for the control 
beam (Fig. 4 . 1 O(c)). The transitional region started at 1 1 2 leN and ended at a load 
va lue of 1 22 leN. As discussed previously, once the m id-span sect ion becomes ful ly 
p lastic, the contribution of the FRP lam inate in carrying the extra load becomes 
noticeable as shown by the constant positive slope of the load-deflection curves after 
the transition range. The specimen d isp lays duct i le mode of fai lure s ince it 
experiences large deflections prior to fai l ure. Figure 4 . 1 2  i l lustrates several photos 
taken during the test of the S 1 800 spec imen. Fai lure of the S 1 800 specimen is mainly 
due to bearing in  the FRP laminate at the inner bolts and tear out at the outer holes. 
Th is is accompanied by c l icking noises in the lam inate at deflection values beyond 
1 38 m m  indicat ing rupture of carbon fibers as the load increases. The in it iation of 
local buckl ing takes place at a load value of 1 54 kN and a deflection of 95.2 mm. 
Yie ld strength is  reached at  a value of 77.0 kN .m (Py= 1 1 2 kN) .  Th is ind icates a sl ight 
enhancement in the yield strength compared to the control beam by about 1 . 8%. 
However, the u l t imate strength is sign ificantly increased to a value of about 
1 1 5 . 5  kN .m (Pu= 1 68 kN). Thus an increase in the ult imate carrying capacity of the 
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specimen of about 1 6. 7% is achieved which is s l ightly less than the improvement 
attained in spec imens that are strengthened with FRP laminate of 2200 mm in length.  
4.7.4 Specimen S 1 200 
In order to better invest igate the effect of FRP lam inate length on the flexural 
performance of steel beams, two more steel beams are strengthened with 1 200 mm 
s ingle layer FRP lam inates that represent about 44% of the c lear span of the steel 
beam. Both spec imens fai l  in the same way due to a combination of local buckl ing 
mode, lateral tors ional buckl ing mode and bearing in the FRP lam inate. C l icking 
noises occur at a load ing value of 1 50 kN corresponding to vert ical deflection of 
1 39.0 mIn. These noises cont inue to be heard until the specimens fai l  ind icating a 
cont inuous and gradual rupture in  the carbon fibers as the load is be ing increased. 
Loca l  buckl ing in the beams' upper flange begins to be visible at a load ing value of 
1 26.4 kN. This buckl ing mode extends to the upper part of the beams' web as the load 
is i ncreased unti I it reaches the peak value. At such a h igh load value, lateral torsional 
buckl ing in can be observed . As shown in  Fig. 4 . 1 Oed), the yield strength is  77.0 kN.m 
corresponding to  a loading value of Py= 1 1 2 kN . Th is  indicates about 1 . 8% increase in 
the yield strength of the strengthened section compared to the control beam. This 
s l ight increase in the yie ld strength of the section impl ies that strengthening steel 
beams  with mechan ical ly anchored FRP laminate results in s l ight improvement in the 
yie ld strength of the beam. However, the ult imate carrying capacity of the section in 
flexure reaches a value of 1 1 0.0 kN.m (Pu= 1 60 kN) .  This value corresponds to 
i ncrease of 1 1 . 1  % in the u ltimate flexural capacity of the strengthened section. The 
s lope of the load-deflection curve in the pre-yield region is l inear and is very close to 
the path of the control beam load-deflection curve. The transitional region starts at a 
load ing value of 1 1 2 kN and continued unt i l  h igh yield ing of the section occurred at 
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about 1 20 kN. The remain ing part of the curve shows a positive s lope with higher 
load values re lati e to those of the control beam which reflects the effect of the FRP 
lam inate in increasing the load carrying capac ity and the st i ffness of the section. The 
pec imen is duct i le as fa i l ure occurs at large deflections. Figure 4 . 1 3  shows photos at 
arious load ing stages for specimen S 1 200. 
4.7.5 Specimen D2200 
The effect of FRP laminate th ickness on the steel beam's flexural capacity is 
invest igated experimenta l ly .  Spec imen D2200 is strengthened with double FRP layers 
each of 2200 mm in length. The lam inates are connected to the steel beam flange 
us ing bol ts that are spaced at 50 mm in the longitudinal d i rect ion in order to increase 
the number of bolts transmitting interfacial shear. This increase in the number of bolts 
is  i ntended to reduce the shear stress in each bolt to avoid  bolts fracture and to benefit 
from the entire strength of the FRP laminates. Comparison between F igs. 4 . 1 0(b) and 
4 . 1 0(e) reveals that specimen D2200 provides higher load carrying capacity than 
specimen S2200. S imi lar to the response observed in beams strengthened with a 
s ingle layer of FRP, fa i l ure of the D2200 specimen involves a combinat ion of beari ng 
in the FRP lam inate and local buckl ing in the compressed part of the stee l beam. 
Local buck l ing of the specimen i s  i n it iated at a loading value of 1 64 kN at a deflection 
of 78 . 1 mm .  This buckl ing is  located only at the m id-span region just to the right and 
to the left of the appl ied load where maximum compressive stresses are i nduced in the 
upper flange. C l icking noises in the FRP laminate are heard at a h igher load ing value 
of 1 86 kN and a vertical d isp lacement of 1 27.5 mm. These noises, i nd icating the 
rupture of carbon fibers, cont inue to occur until the loading on the specimen is 
stopped. It is inferred that the rupture of the fibers occur around the dri l led holes due 
to bearing and the associated immed iate load redistribut ion among other fibers. The 
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yield strength in this spec imen is 82.5 kN .m (Py= 1 20 kN) ind icat ing 9. 1 % increase 
re lat ive to the un strengthened control beam. Th is percentage is also h igher than the 
7 .7% obtained from the same FRP lam inate length but with single layer in specimen 
2200. The u l t imate flexural capacity of the strengthened beam approaches a value of 
1 29.3 k .m (Pu= 1 88 kN) at a m id-span deflection of 1 40 . 1 mm. Therefore, the 
increase in the u ltimate flexural strength of the section is 30.6% higher than the 
control spec imen. The load-deflection curve fol lows s imi lar pattern to the spec imens 
strengthened with single FRP layer but with higher yielding and ult imate load values. 
The transit ional region in this specimen starts at a yield ing value of 1 20 kN and the 
s lope of the curve decreases gradual ly unt i l  it stabi l izes at a load of 1 27 kN. The slope 
of the curve in the inelastic region is posit ive with h igher sti ffness than the previous 
curves for spec imens with single FRP layer. This h igher s lope value can be 
interpreted by the higher thickness of the FRP laminate used and consequently more 
stiffness contribut ion is provided to the composite section. S imi lar to al l  previous 
tests, th i s  spec imen shows ductile behavior and fai ls at a sign ificantly large deflection 
a lue .  F igure 4 . 1 4  i l l ustrates photos at various load ing stages for specimen D2200. 
4.7.6 Speci men D1 200 
The flexural capacity of the steel beam with double FRP layers of 1 200 mm 
length  is examined experimenta l ly .  Specimen 0 1 200 is used to assess the effect of 
i ncreasing the FRP th ickness on the yield strength and ul t imate strength of the 
strengthened beam. However, the number of bolts with spacing 50 mm in this short 
FRP layer is chosen such that the undesirable mode of shear fai lure in  bolts controls  
the response of the beam. Th is is done intent ional ly to ascertain the importance of 
provid ing suffic ient fasteners to obta in the optimum efficiency of the strengthen ing 
system. F igure 4 . 1 0(t) i l lustrates the load-deflection curve for specimen 0 1 200 
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compared to the control beam. At a loading value of 1 46 kN, the end bolts in one side 
of the FRP lam inate sudden ly fractured causing a rapid load red istribut ion among the 
remain ing bolts. At this stage, the spec imen reaches its maximum load carrying 
capac ity as the rema in ing bolts start to fai l  progressively unt i l  the FRP lam inates lose 
their efficiency in contribut ing to the assembly's flexural strength. C l icking noises in 
the FRP lam inate are not not iced during the conduction of the entire test. The yield 
strength in  the D 1 200 specimen is  78.4 kN.m (Py= 1 1 4 kN) indicating 3 .6% 
improvement in the yield strength compared to the un strengthened beam. Th is 
increase in strength is h igher than the 1 . 8% improvement obtained from the same FRP 
lam inate length but  with a single layer in  S 1 200 spec imen. The ult imate flexural 
capacity of the D I 200 specimen approaches a value of 1 00.4 kN.m (Pu= 1 46 kN) only 
at a vertical deflection of 1 05 . 5  mm indicat ing about 1 .4% increase relative to the 
control  specimen. Th is improvement in the u ltimate strength is  insignificant because 
of the undesirable mode of fa i lure related to fracture in bolts instead of bearing fai lure 
in  F RP laminates. As shown in  Fig. 4 .  I OCt), the load-deflection curve of specimen 
D 1 200 is  very s im i lar to that of the control  beam but with sl ight ly h igher yield and 
u l t imate load values. The transitional region begins at 1 1 4 kN and regularly increases 
w ith  lower rate unt i l  it reached at a load of about 1 20 kN . Un l ike a l l  tested beams, this 
specimen exhib its an undes irable brittle mode of fai lure due to bolts fracture at high 
loading values. Figure 4 . 1 5  shows photos taken at d ifferent loading phases for 
speci men D I 200. 
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4.8 I N FLUENCE OF MAIN TRENGTHENING PARAMETERS ON THE 
FLEXURAL BEHAVIOR 
I n  th is section, a d iscussion of the corre lat ion between the flexural 
performance of the strengthened beams and the length and thickness of the FRP layers 
is presented. The discussion is presented based on the experimental ly obta ined load­
deflection curves and the strain measurements. 
4.8. 1 Load-Deflection Measu remen ts 
The obtained load-deflection curves from various tests are combined in the 
same figure in order to evaluate the effect of increasing the length and thickness of the 
FRP laminate on the flexural capacity of the strengthened steel sect ion . F igures 
4 . 1 6(a) and 4 . 1 6(b) describe the effect of changing the FRP lam inate length using 
s ingle layer and double layers of FRP, respectively. Meanwhi le, F igs. 4 . 1 7(a) and 
4 . l 7(b) evaluate the effect of the FRP laminate th ickness on the response using FRP 
length of 2200 mm and 1 200 mm, respect ively. The load-deflection curve of the 
control beam (CB) is  included in each figure as a base for comparison. 
4.8. 1 . 1  E ffect of the Length of a Single Layer FRP Lam i n ate 
F igure 4 . l 6(a) shows the load-deflection curves for strengthened spec imens 
S2200, S 1 800 and S 1 200 together with that for the unstrengthened control beam 
(CB) .  Comparison is conducted to assess the influence of increasing the length of a 
s ingle layer FRP laminate on the flexural performance of the strengthened steel beam. 
I t  can be noticed that increasing the length of the laminates results in improvement in 
the yielding load value which ranges from 1 .8% for S 1 200 to 6 .4% for S2200 more 
than the yield load of the control beam .  Regarding the u lt imate load carrying capacity 
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of the strengthened beam a more sign ificant improvement can be real ized. Attaching 
a 1 200 mm length FRP laminate mechan ica l ly to the bottom flange of the beam 
increased the u l t imate load carrying capacity by 1 1 . 1  % re lative to the capacity of the 
unstrengthened specimen. 1 ncreasing the FRP length from 1 200 mm to 1 800 mm 
causes an increase of 1 6. 7% in  the u l t imate load. Meanwhi le, further increase in the 
FRP length to 2200 mm resu lts in an improvement of 1 9 .4% in the load carrying 
capacity. Therefore i t  is percept ible that the efficiency of the strengthening system 
exhibits better performance as the length of the lam inate increases. By examin ing the 
curves, one can also not ice that as the FRP lam inate length i ncreases, the undergone 
deflect ion corresponding to the u l t imate load decreases. This behavior indicates that 
increasing the length of the strengthening lam inates would remarkably reduce both 
the deflection and curvature of the m id-span section at a certain loading value. 
4.8. 1 .2 E ffect of tbe Lengtb of a Double Layers FRP Laminate 
F igure 4 . 1 6(b) shows the load-deflection curves for specimens D2200 and 
D I 200 that are strengthened with double layers FRP laminate ( i .e. ; with an overal l  
th ickness of 6 . 35  mm) attached to  the lower flange. The increase in  the lam inates' 
length leads to increase in the yielding load of the specimen as shown in Fig. 4 . l 6(b). 
Compared to the control  specimen, a 3 .6% increase in the yield load is ach ieved for 
the specimen strengthened with FRP of 1 200 mm in length and a 9. 1 % enhancement 
is atta ined in the other specimen strengthened with FRP of 2200 mm in length .  On the 
other hand, the increase in the u l t imate load carrying capaci ty depends on the mode of 
fai l ure that controls the response of the strengthened specimen. For instance, 
speci men D 1 200 fai Is due to fracture in bolts without uti l izing the entire strength of 
the FRP lam inates. Thus, the improvement in strength is quiet low and reached a 
percentage of only 1 .4% with respect to the control beam . Meanwhi le, for the other 
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pecimen (D2200) the enhancement reaches 30 .6% of the capaci ty of the 
unstrengthened beam. uch significant enhancement could be ach ieved given the 
bearing mode of fai l ure that al lows for fu l l  uti l ization of the strengthening lam inates. 
4.8. 1 .3 E ffect of the Thickness of the  2200 m m  FRP Lami nate 
Figure 4 . 1 7(a) shows the load-deflection curves for the control beam and two 
other spec imens strengthened with FRP laminate length of 2200 mm with d ifferent 
thicknesses; namely S2200 and D2200. By examin ing these curves, it can be noticed 
that i ncreasing the FRP laminate thickness affects both the yield and the ult imate load 
carry ing capac ity of the ent ire section. Attaching an FRP lam inate with a thickness of 
3 . 1 75 mm ( i .e., case S2200) increases the yield load by 6.4% and the u lt imate 
capaci ty by 1 9.4% with respect to the unstrengthened section. Doubl ing the th ickness 
of the strengthening lam inate to 6 .35 mm for spec imen D2200 by add ing another 
layer to the bottom flange results in an increase of 2.6 1 % and 9.30% with respect to 
S2200 specimen in the yield and ul t imate capacities, respectively. These ratios 
ind icate that the change in the u lt imate capacity of the section is due to both the 
increase in the yielding load of the section and the increase in the slope of the load­
deflect ion curve in the inelast ic region. Moreover, increas ing the FRP laminate 
th ickness leads to reducing both the deflection and the curvature of the mid-span 
sect ion at a specific loading value especial ly after yielding occurs. This influence is  
attr ibuted to increasing the stiffness of the composite material and consequently its 
contribution in  res ist ing the appl ied load by sh ifting the neutral axis  towards the 
strengthened flange. 
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4.8. 1 .4 E ffect  of the Thickness of the 1 200 m m  FRP Lami nate 
Figure 4 . l 7(b) de cribes the load-denection curves for the stee l beams 
strengthened with single layer and double layers FRP lam inates of 1 200 mm in length. 
I t  can be noticed that the case of FRP length of 1 200 mm exh ibits a lmost the same 
beha ior d i  cus ed earl ier for the spec imens with 2200 mm FRP lam inate length. 
F ix ing one FRP laminate layer improves the ield strength of the section by 1 .8% and 
the u lt imate strength by 1 1 . 1  % relative to the control specimen. Add ing another FRP 
layer resu l ts in  doubl ing the gain in  yield strength of the entire section to 3 .6%. 
However, s ince the D l 200 beam fai ls by bolts fracture, the ful l  use of the 
strengthening system is not reached and consequently low gain in the u lt imate load is 
ach ieved. 
4.8.2 Strain Measu rements 
Ten strain  gauges are mounted to each specimen at particular locations that 
provide the necessary data to analyze the behav ior of the strengthened system .  
Measured data is used to  provide strain profile on  cross-section (Figs. 4 . 1 8(a) through 
4 . 1 8(f) , strain  d istribution a long the span (Figs. 4 . 1 9(a) through 4 . l 9(e» and strain 
variation a long the span (Figs. 4.20(a) through 4 .20(e» . I t  is  worth ment ioning that 
read ings of some strain gauges at the compression side of the beam (e.g. upper flange) 
are not completely shown in F igs. 4 . 1 9  and 4.20 s ince at higher loads local buckling 
affects the readings sign ificantly lead ing to mean ingless results. 
4.8.2 . 1  Stra ins  at  Different Stra in  Ga uges on the Cross-Section 
F igure 4 . 1 8(a) shows the strain versus load curves of four strain gauges placed 
at spec ific locat ions in the control beam (CB) at a d istance of 225 mm from m id-span. 
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Two stra in gauges ( G l and G2) are insta l led above the neutral axis of the cross-
ect ion and the other two ( G3 and SG4) are attached below it as shown in Fig. 
4 .  1 8(a). The load-strain curves show l inear behavior up to a certain load ing value 
beyond which the slope decreases rapidly ind icating yielding in steel fibers. By 
exam in ing these curves, it can be noticed that in i t iation of yield ing at th is section 
started from the extreme steel fibers (SG 1 and SG4) and expands gradually towards 
the neutral axis. Th is behavior is indicated by observing that the yield load values at 
the flanges are less than those at the web in both tension and compression sides of the 
section. I t  is worth mention ing that the yielding load values shown in Fig. 4 . 1 8(a) are 
h igher than the yielding load value shown in Fig. 4. 1 O(a) for the same specimen. The 
reason of th is d ifference is that the L V DT at which the readings in the load-deflection 
curve are measured is placed at the beam's m id-span; meanwhi le the strain gauges 
(SG I to SG4) are placed at a section that is located at 225 mm from the m id-span. 
Therefore, the in it iation of yielding predicted by the stra in gauges require h igher load 
to take place as spread of yielding of in a beam subjected to three-point load ing starts 
from the m id-span section towards its supports. I t  should be noted that the slope of the 
load-stra in curves before yielding for the flanges strain gauges is less than that of the 
web stra in  gauges. Th is reveals that the induced strains in the section at a certain 
loading value are maximum at the outermost fibers and decreases as approaching the 
neutral axis. The strain measured at the compression flange can be seen a lmost as a 
m irrored picture of the corresponding one measured at the tension flange. The 
d i fferences in values are due to two main reasons caused by unsymmetrical placement 
of the stra in  gauges (SG 1 and SG4). F irst is placing SG I at the inner side of the upper 
flange and attaching SG4 to the outer s ide of the lower flange. The other one is  
mount ing SG 1 to the left of the web and attaching SG4 exactly below the web as 
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shown in F ig. 4. 1 8(a). I n  the ine lastic range of al l  strain gauges, the slope of the load­
stra in curve is very c lose to being horizontal indicating that any smal l  increase in the 
load resu l ts in large deflection in the beam. 
F igure 4 . 1 8(b) i l lustrates the load-strain curves at four d ifferent locat ions for 
pecimen S2200 which is strengthened with a single layer FRP lam inate of 2200 mm 
in  length .  I n  order to  investigate the behav ior of  the composite sect ion, three strain 
gauges (SO I ,  02 and S03) are instal led in the steel beam while the fourth one (S04) 
is mounted to the bottom surface of the FRP lam inate as shown in Fig. 4 . 1 8(b). The 
general trend of these curves is  s imi lar to the ones obtained from the control specimen 
but w ith some d ifferences. The attachment of a FRP laminate to the bottom flange 
resu lts  in sh ifting the neutral axis downward and consequently reducing the strain 
measurements at the lower flange ( i .e .  S03) compared to the upper one ( i .e. SO l ) . 
Thus, the load-stra in curve obtained from SO I measurements is not a m i rrored image 
of that obtai ned from S03. The trend of the load-strain curves for SO I ,  S02 and S03 
attached to the steel section exhibits a l i near behavior up to yielding in i t iation beyond 
which the s lope becomes almost flat. A thorough examination of load-stra in curves of 
SO 1 and S02 reveals that yielding of the upper flange occurs at a load val ue of 
1 32 kN which is  lower than yielding load of the upper part of the web at ] 46 kN . Th is 
confirms that yie lding of the steel section begins from the outer fibers and spreads 
towards its neutral axis. The load-strain curve obtained from S04 measurements 
showed a l i near behavior up to steel yielding after which the contribution of the FRP 
lam inate in load carrying becomes more sign ificant as indicated by the h igher slope of 
SG4 in the inelast ic region. As ment ioned earl ier, the load-strain curve of SO 1 
insta l led at the compression side of the stee l beam is not ful ly plotted unt i l  fai lure. 
The reason is that in some specimens, at h igh loading values, local buckling is  
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in it iated which affects the strain gauges' read ings causing fluctuation in their 
mea urements and consequent ly mean ingless va lues. 
F igures 4. 1 8(c) and 4. 1 8(d) present the load-stra in curves at a section located 
225 m m  far from the m id-span for spec imens S 1 800 and S 1 200, respectively. A 
comprehensive examination of these graphs shows a s imi lar behavior to the S2200 
specimen. In general, these figures confirm that the contribution of the FRP lam inate 
becomes significant after yield ing of the steel section takes place as represented by 
the s lope of the load-strain curves in  the inelastic region. 
F igure 4 . 1 8(e) shows the load-stra in curves at five d ifferent locat ions on the 
composi te cross-sect ion of specimen D2200 which is strengthened with double FRP 
lam inate layers each of 2200 mm i n  length. Three stra in  gauges (SG 1 ,  SG2 and SG3) 
are attached to the steel section and two strain gauges (SG4 and SG5) are mounted on 
the hvo FRP lam inates as shown in  the Fig. 4. 1 8(e). The section at which the stra in 
measurements are taken is  located at  a distance of 225 mm from the beam's m id-span 
to be consistent with the previous specimens. By comparing the readings obtained 
from SG 1 and SG2, it can be confirmed that the yielding in it iation in the section starts 
at the outer side of the upper flange and spreads after that towards the neutral axis. 
I ncreas ing the thickness of the attached FRP lam inate results in shifting the neutral 
axi s  downward and consequently delays significantly the onset of yielding in the 
bottom steel flange as reflected by the load-stra in curve for SG3 .  After yielding of the 
extreme steel fibers at the upper flange, both FRP lam inates provide more significant 
contribution in resisting the additional appl ied load. The load-strain curves plotted 
from SG4 and SG5 measurements i l lustrate that there is almost no relative s l ippage 
occurring between the two lam inates as ind icated by the identical trend of both 
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curve . However the lower FRP lam inate is exposed to higher strain values than the 
upper one because of its position re lative to the neutral axis of the composite section. 
Figure 4 . 1 8(f) deta i l s  the load-strain curves obta ined from four stra in gauges 
mounted to spec imen 0 1 200 which is strengthened with double FRP laminates each 
of 1 200 mm in length.  In this spec imen three strain gauges (SO I ,  S02 and S03) are 
placed in the steel sect ion and one strain gauge (SG4) i s  attached to the bottom 
surface of the lower FRP lam inate. The behavior of this specimen is s imi lar to that of 
the 02200 specimen with longer FRP lam inate. It shou ld be however noted that 
y ie ld ing is  observed in 0 1 200 at lower values than those induced in the 02200 
speci men. This ind icates that for a specific FRP lam inate th ickness, decreasing its 
length resu l ts in  yielding to occur at lower load ing value. As ment ioned previously, 
fu l l  u t i l ization of the FRP lam inate could not be achieved in specimen 0 1 200 s ince it 
fai l s  prematurely by fracture in  bolts at relat ively moderate loadi ng value. 
4.8.2.2 Stra i ns at Different Stra in  Gauges a long the Spa n 
The longitudinal stra in d istribution along the FRP laminate in tested 
speci mens is invest igated using several strain gauges placed at the bottom s ide of the 
lam inate as shown in Fig. 4 .9(a) through 4 .9(e). Figure 4 . 1 9(a) shows the load-strain 
re lationshi ps for specimen S2200. The designat ion and location of the relevant strain 
gauges are shown in  Fig. 4 .9(a). The obtained strain distribution revealed that the FRP 
lam inate contributes i n  resisting the appl ied load during the ent ire period of load 
appl ication before and after yielding of the corresponding stee l section. However, the 
ma in  contribution of the FRP lam inate occurs after yie ld ing of the extreme steel fiber 
as ind icated by the change in the slope at the yielding point of the section being 
considered. I t  is  interest ing to not ice also the spread of yie lding behavior along the 
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span of the beam.  The plots shown in Fig. 4 . 1 9(a) indicate that yielding in itiates at the 
m id-span (c lose to SG4) and spreads toward the supports (close to SG 1 0). This is 
based on the observation that the transition zone in the load-strain curves at other 
locat ions adjacent to the m id-span started noticeably prior to the transit ion zone in 
those curves near the supports in a l l  tested specimens. Another important observation 
is that at a certain  loading value the strains developed in the FRP lam inate at mid-span 
are h igher than those induced at the t ips of the lam inate. This behavior is consistent 
w ith the triangular shape of the bend ing moment d iagram with its maximum value 
affecting the beam's m id-span section. 
The strain d istributions for spec imens S 1 800, S 1 200, D2200 and D 1 200 are 
shown i n  F igs . 4 . 1 9(b) through 4 . l 9(e), respect ively. The exact locations of the strain 
gauges are shown in Figs. 4 .9(b) through 4 .9(e), respectively. A thorough examination 
of load-stra in curves for each specimen reveals that their trend of variation is s imi lar 
to that of specimen S2200 but with two main d ifferences. The first one is that higher 
levels of strains can be ach ieved with increasing the length of the FRP lam inate at the 
same load; especial ly after yielding of steel .  This increase in strain levels is associated 
w ith h igher load carrying capacity for beams strengthened with longer FRP lam inates. 
The second observation is that for a specific length of FRP laminate, increas ing its 
th ickness results in  enhancement in the load carrying capacity of the beam with less 
deflection at a certain  loading val ue. This can be concluded by examin ing the s lope of 
the load-strain  curves in the pre-yielding region of the specimens strengthened with 
double FRP layers compared to the corresponding ones strengthened w'th only one 
layer of FRP.  
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4.8.2.3 Stra i n  Variation along the Spa n  
Figures 4 .20(a) through 4 .20(e) present the strain variat ion at spec ific load ing 
values along the FRP lam inate of specimens S2200, S 1 800, S 1 200, D2200 and 
0 1 200, respect ively. The absc is  a of these graphs represents the location of the stra in 
gauges measured from the edge of the FRP lam inate towards the beam m id-span, 
whi le the ord inate shows the measured strain readings at these locat ions. It  can be 
shown that the maximum strain induced in these lam inates is near the m id-span and is  
gradual ly decreased as approach ing the FRP edges at  any spec ific load ing value .  This 
variation i s  re lated to the bend ing moment distribution along the entire span of the 
beam. The bending moment leads to tensi le stresses to be developed in the FRP 
lam inate with their maximum value occurring at  the beams' m id-span. It can be a lso 
noted that at any arbitrary point on the FRP lam inate, increasing the appl ied load 
results in a corresponding increase in the strain value. However, the rate of increase 
varies along the span as it reaches its h ighest pace at the beam m id-span and attains its 
lowest value near the ends of the lam inate. This rate d ifference can be interpreted by 
knowing that yield ing of the steel fibers is  in itiated at the beam m id-span and then 
extends towards the supports. Therefore, any additional load appl ication causes large 
deflections at the beam's m id-span relative to its sides where the sections are sti l l 
perform ing e lastically. 
4.9 F l NITE ELEMENT MODELING AND VERIFICATION 
A detai led three-dimensional fin ite e lement model is developed in  a 
concurrent ongoing numerical and analyt ical research study [ Rojob] in order to 
s imu late the elasto-plastic response of steel beams strengthened with mechanical ly 
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anchored FRP lam inates. The fin ite element model is used herein to confirm the 
al id i t  of the load-s l ip  models proposed in chapter 3 for simu lat ing the composite 
behav ior and associated response of steel beams strengthened with anchored FRP 
lam inates. The fini te element model is deve loped using the general-purpose finite 
element software ANSYS [2009] and accounts for both geometrical and material non­
l i nearities. Stee l beams, st iffeners and FRP lam inates are s imulated using the 8-node 
so l id element (SOLl D45) with three translational nodal degrees of freedom along 
global X, Y and Z directions. Th is e lement is chosen based on its capabi l ity to model 
plast ic ity stress st iffening, large deflect ion and large strains effects [ANSYS 2009] . 
The non l inear spring e lement (COMB IN39) is used to model the interfacial s l ip 
behavior based on the non- l inear load-s l ip  model developed in Chapter 3 (Fig. 
3 . 33 (a)). 
Figure 4.5 shows the various configurations of the strengthened steel beams 
that are modeled using the above ment ioned fin ite element model .  The geometry is  
defined using a global Cartesian coord inate system with i ts  origin located at  the 
bottom surface of the steel cross section at the m id-span of the beam. As indicated in 
Fig. 4 .2 1 ,  the depth of the beam is d i rected along the Y-axis whi le its longitudinal 
axi s  is  para l le l  to the Z-axis. The beam geometry is  characterized by i ts length L, 
span Ln, flange width br, flange thickness tr, web height hw, and web thickness t",. 
St iffener p lates with 1 2  mm thickness each are placed at supports locations to avoid 
web crippl ing associated with local ized web yield ing due to concentrated reactions. 
S im i lar st iffeners are also placed at and around the point of appl ication of the mid­
span concentrated load in a way that repl icates the tested specimens. The geometry of 
the FRP sheet is  defined in the model  by its length LFRP, width bFRP and th ickness tFRP' 
The connection between steel and FRP elements at the interface is mode led fol lowing 
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the double node approach.  Each nodal point at the bottom surface of the steel flange is  
connected to a counterpart node at the top surface of the FRP plate using the non­
l i near spring e lement (COM B lN39) described earl ier. Stee l material is simpl ified 
using a mu lt i- l inear material model that incorporates the basic mechanical properties 
summarized in section 4 . 3 .  Meanwh i le, FRP material model and non- l i near interfac ial 
load -sl ip  model are adopted in a s imi lar way to the detai led explanation provided in 
Chapter 3 .  The s ize of a typical element in  the cross section plane (XY plane) is  
control led not to exceed twice as much of the web p late thickness. Meanwh i le, the 
size of the e lements along the span of the beam (Z-axis) is  restricted not to exceed 
fou r  t imes the length of the element side in the XY plane. A typical mesh 
configuration is shown in Fig.  4.2 1 for a modeled specimen where sti ffeners are 
removed from the figure for c larity of the presentation. 
In this chapter, the finite e lement model is used to val idate the accuracy of the 
load-sl i p  models proposed in  chapter 3 in s imulating the behavior and response of 
stee l beams with anchored FRP laminates. The val idation is conducted by comparing 
the numerical predictions to the experimental resu lts obtained from test ing several 
spec imens strengthened with d ifferent lengths and thicknesses of FRP lam inates. The 
[mi te e lement model is  a lso used to evaluate strains and stresses at d i fferent cross­
sections in the steel beams and along the FRP lam inates to provide more in-depth 
understanding for the behavior of the stee l-FRP system. Figure 4 .22 shows the 
experimental and numerical load-deflection curves of specimen S2200 at the mid­
span section. An  excel lent match between the experimental measurements and fin ite 
e lement predictions is shown throughout the entire loadi ng range. S imi lar agreement 
is obtained for al l  other specimens (not shown in this thesis) ind icating that the fini te 
e lement model is able to predict accurately the response of the strengthened beams at 
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various loading tages. Figure 4 .23 shows the experimental and numerical strain 
d istribution at d i fferent locat ions along the height of the cross-section located at 225 
mm from the center or specimen S2200. The strains across the section height are 
measured using stra in gauges at the locat ions shown in  the figure and compared to the 
stra ins obta ined numerica l ly at the same locations. Also, a very good match can be 
seen between the experimental findings and the numerical results. S imi lar agreement 
is found for the rest of the specimens ind icat ing that the results obta ined from the 
fin i te e lement mode l are accurate and re l iable. Once being verified, the finite e lement 
model is used to investigate in more deta i ls the state of strains and stresses developed 
in the strengthened beams as explained in the fol lowing sub-sections. 
4.9. 1 Stra i n  Variation i n  the C ross-Section 
The verified fin ite e lement model is  ut i l  ized to obtain  the strain distribution 
along the height of the m id-span section of specimen S2200. Figure 4.24 shows the 
stra in  profi le in the m id-span section of S2200 at d i fferent load ing stages that 
represent both the e lastic and inelastic stages. The figure shows that the strain 
d istribution is l inear across the steel section at a l l  loading stages with a sudden change 
in stra in value at the steel-FRP interface.  This stra in incompat ib i l ity ind icates the 
relative s l ippage between FRP laminate and steel section. Tracing the variation in the 
stra in  d istribution in the composite section as the load being increased reveals that a 
gradual downward shift in the neutral axis occurs with increasing the appl ied load. 
The sh ifti ng rate is smal l  in the pre-yield ing region (P= 50 kN and 1 00 kN) and 
becomes m uch clearer after yielding of the extreme steel fibers (P= 1 40 kN and 
1 60 kN) .  This observat ion can be j ustified by the fact that the FRP lam inate becomes 
more effect ive after yielding of the steel section takes place . Addit ional ly, Fig. 4.24 
indicates that at any loading value, the strains induced in the compression flange are 
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higher than those deve loped in the tension flange. Thus, yielding of the upper flange 
takes p lace before yielding of the lower flange due to the contribution of the FRP 
lam inate attached to the tension flange of the beam . Tracking the strains developed in 
the FRP lam inate at the d ifferent load ing values impl ies that the rate of increase in  the 
stra in is proport ional to the applied load in the pre-yield ing stage. Th is rate becomes 
s ign ificantly magnified after steel yielding occurs. Th is is attributed to the fact that the 
stee l modulus of e last icity of the FRP lam inate is  much less than that of the steel 
material within the e lastic stage. On the contrary, the stiffness of the FRP laminate 
becomes m uch h igher than the post-yield sti ffness of steel. As such, the contribution 
of the FRP laminate to the load carrying process becomes more pronounced in the 
ine lastic stage of the steel behavior. 
4.9.2 Stress A n a lysis 
The flexural stress d istribution at the m id-span section is investigated based on 
the results obta ined from the verified fin ite e lement model at various loading stages. 
Figure 4 .25 i l lustrates the stress variation for specimen S2200 in the e lastic, part ia l ly 
e lastic and plastic stages during load appl ication. I n  the elastic stage (Fig. 4 .25(a)), the 
stress profile is  l inear along the entire steel section with the neutral axis located very 
c lose to the mid-height of the steel section. The small d ifference in stress values 
between the tension and compression flanges i ndicates low participation of the FRP 
lam inate i n  resist ing the appl ied load. As load increases and extra moment is  appl ied 
to the section, the extreme fibers of the compression flange reach yield which starts to 
spread towards the neutral axis. A s imi lar trend takes place at the tension side of the 
cross-section as shown in F igs 4 .25(b) and 4.25(c). The delay in yielding at the 
tension s ide re lative to the compression part of the beam is resu lt ing from the 
influence of the attached FRP lam inate and consequently its contribution in carrying 
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part of the e erted load. Once the plastic region is closely reached, almost al l steel 
fibers are yielded along the ent ire section as shown in Fig. 4 .25(d). The additional 
load at th is phase is mainly carried by the FRP lam inate as ind icated by the significant 
increase in the induced stresses in the FRP lami nate. By a c loser examination of the 
stre ses developed in the FRP lam inate at the di fferent load ing values, it can be shown 
that there is a d i rect relationsh ip  between the appl ied load and the corresponding FRP 
stress val ue. A more deta i led d iscussion on the re lat ive d istribution of the tensi le 
stresses between steel and FRP is presented at a later stage in this sub-section. 
The behavior of the strengthened system can be better understood by 
observing the contribution of both the steel beam and the FRP laminate in  carrying the 
appl ied moment at the m id-span section at di fferent load ing values as shown in 
F ig. 4 .26. The evaluated stresses from the finite element model (Fig. 4.25) are used to 
calcu late the portion of moment carried by the FRP lam inate and that resisted by the 
steel section. The contribution of the FRP lam inate at d ifferent loading values i s  
defined as  the force induced i n  the laminate t imes the d istance to  the neutral axis  of 
the ent i re composite sect ion. The total moment resisted by the section is simply 
calculated from the structural analysis of the s imply supported beam. It can be seen 
from the graph that the total moment is d i rectly proport ional to the appl ied load being 
exerted on the beam's m id-span. The contribution of the FRP lam inate in carrying the 
external load is negl igible compared to the steel section in the early loading stages 
before steel yielding. Beyond the yielding point, a considerable part ic ipation in  
carrying the applied load is  noticed as  ind icated by the increase of the slope of the 
FRP  moment curve. The FRP lam inate contribution in carrying the appl ied moment is 
s l ightly increasing in the elastic region beyond which the rate of increase becomes 
more apparent unti l it reaches a value of 1 2 .67 kN.m ( 1 1 . 52% of total moment) at the 
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expected fai l ure load. The increa e in the FRP contribution i s  apparent in the plastic 
region in order to compensate for the loss in the steel modulus and consequently its 
abi l ity to carry add itional load ing. 
The stre s rat io between the FRP laminate and the outer stee l fibers at the 
ten ion side of the beam is e al uated at various load ing va lues and plotted in F ig. 4.27 
for spec imen S2200. The plotted curve confirms the previous observation stating that 
the FRP lam inate becomes more effective in res ist ing the add itional applied load after 
yie ld ing of the steel section. Throughout the elast ic region, the induced stresses in the 
FRP lam inate are almost 1 8% of the tensi le stresses in the outer fibers of the steel 
beam at m id-span section . The transition zone ranging from 1 00 kN up to 1 20 kN 
represents the state of yield spreading along the section height as more loads are 
appl ied unt i l  the section became almost fu l ly plastic. The increase in slope indicates 
that the i nfluence of the FRP laminate is gain ing more sign ificance in resisting the 
load as  i t  reached 37.40% of the stresses at the outer steel fibers by the end of the 
transit ion zone. In the ine lastic range, the slope of the curve rises sharply unt i l  
equal i ty i n  stresses induced in the FRP lam inate and the outer steel fiber is  ach ieved at 
a loading value of 1 4 1 .78 kN. With  more load being exerted on the beam, the 
contribution of the FRP laminate keeps increasing with the same rate. At a loading 
value of 1 60 kN, the percentage of stresses developed in the FRP lam inate is about 
one and a half t imes the tensi le stresses induced in the steel section as shown by the 
rightmost point in F ig. 4.27. 
The verified finite element model is  then used to determ ine the effect of the 
FRP lam inate length on its partic ipation in res isting the appl ied moment at d i fferent 
loading phases. Figure 4 .28(a) compares the rat io between the stresses induced in the 
FRP lam inate and the maximum tensi le stresses in the steel section in spec imens 
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2200, S 1 800 and S 1 200 at m id-span sect ion. I t  can be not iced that increasing the 
length of the FRP laminate results in enhanc ing its contribution re lat ive to the steel 
beam in carrying the appl ied load in the elastic range, partia l ly elastic range and 
plast ic range as ind icated by the upward sh i ft  of the curves in Fig. 4.28(a) . In the 
e lastic range, the percentage of FRP stresses to tensi le steel stresses increases from 
1 0.40% for spec imen S l 200 to 1 7 .9% for spec imen S2200. The curves' trend for al l  
specimens is s imi lar as shown by the transition zone and the sharp rise in the slope 
after yielding occurs. Figure 4 .28(b) i l lustrates the effect of FRP length on its 
contribution in carrying the exerted Load for the specimens strengthened with double 
FRP layers. These curves confmn the same observation concluded from examining 
the specimens strengthened with single FRP lam inate layer. 
4. 1 0  SUMMARY A ND CONCLUSIONS 
This  chapter exam ines the perfonnance of steel beams when strengthened with 
FRP  lam inates of various lengths and thicknesses using the current mechan ical ly 
anchored system techn ique. The enhancement in the flexural capacity of the 
strengthened beams and the mode of fai l ure govern ing their response are of particular 
concern. The evaluation of the perfonnance is carried out based on the load-m id-span 
deflection curves and strain measurements that are col lected at d ifferent locations in 
the e leven tested specimens. I t  is  observed that when adequate number of fasteners is  
used, the specimens exh ibits a ducti le mode of fai l ure associated with bearing in the 
FRP lam inate and progressive bending in the bolts as the load is being increased. On 
the contrary, the specimen strengthened with insufficient number of fasteners fai l s  in 
a brittle manner by sudden rupture of the bolts along the shear plane due to excessive 
shear stresses. The behavior of the strengthened system is better understood by 
invest igat ing the stress and stra in distributions using a verified three dimensional 
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fin i te element model .  The fol lowing main conclusions are drawn from analyzing the 
experimental outcomes and the numerical pred ictions of the particu lar cases 
considered in this study: 
• I ncreas ing the length of the FRP laminates resu l ts in a s l ight improvement in the 
yie ld moment and sign ificant enhancement in the u lt imate flexural capac ity of the 
strengthened sections. Th is is ind icated by a yield moment increase of 1 . 8% to 
6 .4% and ult imate strength increase that ranges from 1 1 . 1  % to 1 9.4% for the 
considered specimens that are strengthened with single layer of FRP laminates. 
• I ncreasing the th ickness of the FRP laminates results in a considerable increase in 
the yield moment and s ign ificant improvement in  the u lt imate load carrying 
capacity of the composite section. Th is is  shown by the gain of 3 .6% to 9 . 1 % in  
the  y ie ld  moment and the enhancement in the ultimate capacity that reaches up to 
30 .6% for the considered double layers specimens. 
• The above two conclus ions are val id given that the response is control led by a 
duct i le fai l ure mode due to bearing in  FRP lam inates and bending in  bolts. This 
can be attained if  a sufficient number of bolts are provided to anchor FRP 
laminates in  the steel section. I n  the particular case that insufficient number of 
bolts i s  ut i l ized (due to short FRP strip in this study), premature sudden fai l ure 
takes p lace due to excessive shear stress in bolts. Th is unfavorable fai l ure mode 
resul ts in insignificant increase in the ult imate load capacity of about 1 .4%. 
• The i n it iation of yielding in  the steel beams under three-point loading takes place 
at the m id-span section first and then spreads towards the supports. At each 
sect ion, yielding occurs at the extreme stee l fibers and then expands gradua l ly 
towards the neutral axis unt i l  fu l l  plast ification of the section is reached . The 
attachment of FRP lam inates to the tension flange causes the neutral axis to be 
1 59 
shi fted do\ nward and consequently yielding of the extreme steel fibers at the 
upper flange takes place before their counterpart at the bottom flange. 
• The main contribution of the FRP laminates in resisting the appl ied load 
man ifested after yield ing of the stee l fibers as the FRP modulus becomes 
re lat ively h igh re lative to the post-yield modulus of stee l .  This is further 
confinned by the results obta ined from the finite e lement simu lat ion wh ich 
reveals  that the induced stresses in the FRP laminate are negl igible compared to 
the maximum tens i le stresses in stee l during the e lastic stage beyond which FRP 
stresses i ncrease and exceed those induced in  the tens ion flange of the steel beam. 
• The maximum strain developed in  the FRP laminate at any loading stage affects 
the m id-span section and decreases gradual ly unt i l  reaching i ts m in imum value at 
the edges of the lam inate. Th is variation in the strains and consequently the 
stresses is governed by the bending moment d istribution along the entire span of 
the beam. 
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Table 4 . 1 ;  De ignat ion and Propert ies of the Tested Spec imens. 
�t"�r.· L'i::: Number of Beam Length Clear Span FRP FRP ft,k. �U)�)i-'�:" Spec imens (mm) (mm) Thickness Length (mm) (mm) 
CB 3 Control Beam 
S2200 2 2200 
3 . 1 75 
S 1 800 2 (One FRP 1 800 
3000 2750 Layer) 
S I 200 2 1 200 
D2200 I 6 .350 2200 
(Two FRP 
D 1 200 1 Layers) 1 200 
1 6 1  
Table 4.2 :  Yield Load, Yield Moment, U ltimate Load and Ultimate Moment of the 
Tested Spec imens. 
}��"]i: t_  ( �  "-�. �-c· ·:" Experlmentai ResulS$ 
'.�;;L;!f :'.:" ',;::'-1 Py (kN) My (kN .m) Pu  (kN) Mu (kN.m) 
CB 1 1 0 75 .6 1 44 99.0 
S2200 1 1 7 80.4 1 72 1 1 8.3  
S 1 800 1 1 2 77.0 1 68 1 1 5 . 5  
S 1 200 1 1 2 77.0 1 60 1 1 0.0 
D2200 1 20 82.5 1 88 1 29.3 
D 1 200 1 1 4 78.4 1 46 1 00.4 
Table 4 . 3 :  Y ield and U ltimate Loads Increase in the Strengthened Spec imens. 
� ,S� lD Y ield Load I ncrease (%) U lt imate Capac ity Increase (%) 
S2200 6.4 1 9 .4 
S 1 800 1 . 8 1 6. 7  
S 1 200 1 . 8 1 1 . 1  
D2200 9. 1 30.6 
D 1 200 3 .6 1 .4 
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8 48 
1 86 79 203. 75 
8 48 
�--�103 1 4---� 
F igure 4 . 1 :  D imensions of a Typical UB  203x 1 02x23 Speci men Cross-Section 
(in m i l l imeters). 
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Figure 4.2 : Sketches Showing the Elevation View ofthe Steel Specimens (in millimeters). 
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Figure 4 . 3 :  Sketches Showing the Plan View of the Steel Specimens (in millimeters). 
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Figure 4 .5(a) : Schematic V iews of the Control Beam (CB). 
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Figure 4. 5(b): Schematic Views of Specimen (S2200). 
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Figure 4 . S(c): Schematic Views of Specimen (S 1 800). 
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Figure 4 .S(d): Schematic V iews of Specimen (S I 200). 
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F igure 4 .5(e): Schematic V iews of Specimen (D2200). 
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Figure 4.5(f):  Schematic V iews of Specimen (D I 200). 
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Figure 4.6:  Schemati c  Views for the Vertical and L uera! SUppOIl Sysl ems o f  the Tested �earns .  
Figure 4.7: Bracing System Used to Lateral ly Support the Beams. 
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Figure 4.8(b): Steel P late Used as a Base for the Bracing System .  
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Figure 4 .9(d): Strain Gauges Locations in Specimen (D2200). 
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Figure 4.9(e): Strain Gauges Locatioos in Specimen (D I 200). 
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F igure 4 . 1 O(b): Load-Deflectio!1 Curves for the Beams Strengthened w ith a Single 
FRP Lam inate Layer of 2200 mm in  Length. 
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Figure 4 . 1 0(c): Load-Deflect ion Curves for the Beams Strengthened with a S ingle 
FRP Laminate Layer of 1 800 mm in  Length .  
200 
1 80 t 
1 60 
HO 
.-.. 1 20 Z -------1-------1 
e- 1 00 "C CII 0 80 ...:l 
60 
40 
20 
0 
0 �o 1 00 1 50 200 2 50 
Defiection (mm) 
- - - - CB - S 1 200 
F igure 4 . 1 Oed): Load-Deflection Curves for the Beams Strengthened with a Single 
FRP Lam inate Layer of 1 200 mm in Length.  
1 79 
200 
1 80 
1 60 
,.-. 1 20 Z 
C 
"0 
� oS 80 
60 
�o .. -.-... --+----+-----1 
20 
0 
0 50 1 00 1 50 100 250 
Defledlon (mm) 
- - - - CB  - D 1200 I 
Figure 4. 1 O(e) : Load-Deflection Curves for the Beams Strengthened with Double FRP 
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Figure 4. 1 OCt) :  Load-Deflection Curves for the Beams Strengthened with Double FRP 
Lam inate Layers of 1 200 mm in  Length. 
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F igure 4. 1 1 : Photos at Various Load ing Stages for Specimen S2200. 
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Figure 4 . 1 2 : Photos at Various Loading Stages for Specimen S 1 800. 
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Figure 4. 1 3 : Photos at Various Load ing Stages for Specimen S 1 200. 
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Figure 4 . 1 4 : Photos at Various Load ing Stages for Specimen 02200. 
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Figure 4. 1 5 : Photos at Various Loading Stages for Specimen 0 1 200. 
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F igure 4 . 1 6(a): Effect of FRP Laminate Length on the Flexural Response of Beams 
Strengthened with a S ingle Layer of FRP. 
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F igure 4. 1 6(b) : Effect of FRP Laminate Length on the Flexural Response of Beams 
Strengthened w ith Double Layers of FRP. 
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F igure 4 . 1 7(a): Effect of FRP Laminate Thickness on the Flexural Response of Beams 
Strengthened with Laminate Length of 2200 mm. 
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Figure 4. 1 7(b) : Effect of FRP Lam inate Thickness on the F lexural Response of 
Beams Strengthened with Laminate Length of 1 200 mm.  
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F igure 4 . 1 8(f):  Strains at Different Strain Gauges in the Cross-Section for Specimen 
(D I 200). 
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Figure 4. 1 9(a): Strains at Different Strain Gauges along the Span for Specimen (S2200). 
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Figure 4. 1 9(b): Strains at Different Strain Gauges along the Span for Specimen (S I 800). 
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Figure 4 .20(a): Strain Variat ion along the Span for Specimen (S2200). 
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Figure 4 .20(b): Strain Variation along the Span for Specimen (S 1 800). 
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Figure 4 .20( c) :  Stra in Variation along the Span for Specimen (S ] 200). 
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F igure 4.20(d) : Strain Variation along the Span for Specimen (D2200). 
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F igure 4 .20(e): Strain Variation along the Span for Spec imen (D 1 200). 
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Figure 4.23 :  Experimental and Numerical Strain Distribut ion i n  the Cross-Section of 
Spec imen S2200. 
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F igure 4.24 (Cont inued) : Stra in Variation in Mid-Span Cross-Section for Specimen 
S2200 at load values of (a) 50 kN, (b) 1 00 kN, (c) 1 40 leN and (d) 1 60 kN. 
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Figure 4 .25 :  Stress Variation in M id-Span Cross-Section for Specimen S2200 at load 
values of Ca) 50 kN, (b) l OO kN, (c) 1 40 kN and (d) 1 60 kN. 
20 1 
-<i00 -400 
f 'f :=: f-
�-f t l f� LUi.: ; t i t 
f· � E f L T : 
p t � � 
� f r1-
� t f 1-£ E f J-f f I � "  + .-� t t T 1 ........=t 
-600 -400 
-200 
... � 
J,_ r 
T t t-t t 
f � 
� . 
f r 1 t 
• f E t- t i t 
o 
Stress (MPa) 
(c) p= 1 40 kN 
"" ......... 
.....--<"'''" .... -> � .. t" 
t '>1\ A UV 
T, ".,.. �uu, 
• A,.. • 'W 
t '\t\ LkV 
t nn . �-
� ... 
t. �n -{ , v.y r rl. f "TV -.yn + .... ,.. t ' -".-
� i -
.... 
-r. � 
i 
� 
L 
-+-
t 
, 
� 
L 
.0-
200 
� f t '-1 ! " ... ".� + T l' 
-200 
-...... 
o 200 
Stress (MPa) 
(d) P= 1 60 kN 
400 600 
1 � E � 
� � - 1 � 
l-
.... . " �-� , 
.'. 
. � � 
" -.", 
� ,. L. J� 
+ 
• t t-� 
. � J . 
-
4{)0 600 
F igure 4.25 (Continued): Stress Variat ion in Mid-Span Cross-Sect ion for Specimen 
S2200 at load values of (a) 50 leN, (b) 1 00 kN, (c) 1 40 kN and (d) 1 60 kN. 
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Tension F lange for Specimen S2200. 
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C H A P T E R S 
CON C L U S I O N S  A N D R E CO M M E N DATI ONS 
5. 1 RESEARCH SUMMARY AND CONCLUSIONS 
The current research work is  carried out to invest igate the efficiency of a novel 
strengthening technique in  which composite FRP laminates are mechanica l ly 
anchored to stee l beams. The study inc ludes both experimental and numerical phases. 
Thi s  chapter presents a brief summary of the conducted work and the main outcomes 
of the experimenta l  and numerical research phases. Recommendations for future 
research studies related to the topic of this thesis are provided in this chapter. 
The fi rst phase of th i s  study is concerned with exploring the interfacial 
behavior between stee l plates and FRP lam inates when mechan ical ly anchored to each 
other by means of steel bolts. The research program encompasses both experimental 
testing and numerical s imulation of the anchored steel-FRP connections. The 
experimental program is  carried out on a series of 22 specimens with various 
geometrical and bolt arrangement configurat ions. Tensi le tests are carried out in order 
to produce load-d isplacement re lat ionships and to record the associated FRP 
longitudinal strains. Experimental measurements are ut i l ized to develop non-l i near 
load-s l ip curves wh ich are used to develop non-l inear 3D  finite e lement models  
capable of s imulating the behavior of the  mechanical ly anchored steel-FRP 
assembl ies and to predict their load carrying capacity accurate ly. The main outcomes 
from both the experimental and numerical programs are highl ighted in the fol lowing 
points:  
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• Connecting FRP lam inates to steel plates using the mechanically anchored 
technique provides an effic ient assembly with ducti le behavior. 
• The fai l ure mode observed in the tested assembl ies is control led primari ly by a 
combination of bearing in FRP lam inates and bending in the steel bol ts that 
connect the steel p lates to the FRP laminates. 
• The optimum sheared edge distance in the FRP laminate that is mechanica l ly 
anchored to steel with bol ts of 6 mm d iameter is shown to be 40 mm. The load­
d isplacement curves reveal that when the sheared edge d istance fal ls below this 
l i m it, the effic iency of the connection is  significantly reduced due to the tear-out 
fai lure mechanism. 
• The influence of the rol led edge d istance on the load carrying capacity of 
anchored steel-FRP connections is  shown to be insignificant. Th is  i s  attributed to 
the fact that the FRP lam inates used in th is study have h igh beari ng and 
longitudinal  propert ies. As such, the majority of the load transfer occurs in the 
longitudinal d i rection irrespective of the lam inate length in the transverse 
d i rection .  However, it is practical to maintain a reasonable edge d istance between 
the s ide edge of the FRP lam inate and the bolt hole. 
• Using hole spacing greater than twice as much as the sheared edge distance seems 
to have ins ign ificant effect on the performance of anchored steel-FRP 
connections. 
• Two load-s l ip  models are developed to s imulate the interfacial behavior of 
anchored stee l -FRP connections. One model corresponds to connections with 
m in imum sheared edge d istance of 40 mm. Meanwhi le, the other load-s l ip model 
i s  re lated tv connect ions with sheared edge distance less than 40 mm. These 
models are i ncorporated in 3D fin i te element analyses. The excel lent agreement 
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between numerical pred ictions and experimental outcomes proves the accuracy of 
these interfacial models. 
The aim of the second phase of th i s  study is to invest igate the behavior of steel 
beams strengthened with mechanical ly anchored composi te FRP lam inates. The 
experimenta l program involves a total of 1 1  fu l l -scale beam spec imens that are tested 
under flexure i n  a three-point loading setup to check out the potent ial ga in in strength 
of the strengthened steel beams. The performance of the strengthened specimens i s  
examined based on two main  parameters wh ich are the length and th ickness of the 
FRP laminates. The recorded experimental measurements are ut i l ized to produce the 
load-deflection relationsh ips, strain d istribution curves and the corresponding fai lure 
modes of a l l  specimens. Addit ional ly, the experimenta l measurements were used to 
verify the accuracy of a deta i led finite element model, which i s  developed in a 
concurrent research study. The verified fini te element model is uti l ized to provide 
more i n-depth d iscussions on the strains and stresses induced in the strengthened 
speci mens. The main findings of the experimental testing and the numerical 
predictions are summarized herein :  
• I ncreas ing the length of the FRP lam inates leads to improvement in  the yield 
moment and sign ificant enhancement in the ult imate flexural capacity of the 
strengthened sections. Th is  is i nd icated by a yield moment increase of 1 .8% to 
6.4% and ult imate strength increase that ranges from 1 1 . 1  % to 1 9.4% for the 
specimens strengthened with a s ingle layer of FRP laminates. 
• I ncreasing the th ickness of the FRP lam inates results in a considerable i ncrease in 
the yield moment and sign ificant improvement i n  the u l t imate load carrying 
capac ity of the composite section . This i s  shown by the gain of 3 .6% to 9 . 1 %  in 
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the yield moment and the enhancement in the ultimate capacity that reaches up to 
30 .6% for the double layers spec imens. 
• The above two conclus ions are val id given that the response is control led by a 
ducti le fai lure mode due to bearing in FRP lam inates and bending in  bolts. Th is 
can be atta ined if  a suffic ient number of bolts are provided to anchor FRP 
lam inates to the steel section. In the particu lar case that insufficient number of 
bolts is uti l ized, premature sudden fai lure takes place due to excessive shear 
stress in bolts. Th is unfavorable fai lure mode is associated with ins ign ificant 
increase in the ul t imate load capacity of about 1 .4%. 
• The in i tiation of yielding in  the steel beams takes p lace at the m id-span section 
and then spreads towards the supports. At each section, yield ing occurs at the 
extreme steel fibers and then expands gradual ly towards the neutral axis unt i l  ful l  
p lastificat ion o f  the section i s  reached. The attachment o f  FRP lam inates to the 
tension (bottom) flange causes the neutral axis to be shifted downward and 
consequently yielding of the extreme steel fibers at the upper flange takes place 
before their counterpart at the bottom flange. 
• The main contribution of the FRP lam inates In resisting the appl ied load 
man ifested after yielding of the steel fibers as the FRP modulus becomes h igh 
re lat ive to the post-yield modulus of steel .  This is  further continued by the results 
obtained from the fin ite element s imulation wh ich reveals that the induced 
stresses in the FRP lam inate are negl igible compared to the maximum tens i le 
stresses in steel during the elastic stage. On the contrary, once steel is yielded, 
FRP stresses increase and exceed those induced in the tension flange of the steel 
beam. 
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• The maximum strain de eloped in the FRP lam inate at any loading stage occurs 
at the m id-span section and decreases gradually unt i l  reaching its m in imum value 
at the edges of the lam inate. Th is variation in the strains, and consequent ly the 
stresses is governed by the bending moment d istri bution a long the entire span of 
the beam. 
5.2 RECOMMENDATIONS FOR FUTUR E  WORK 
The first step along the road of strengthening steel beams with mechan ica l ly 
anchored composite FRP laminates has been taken in the current research work. Th is 
study provides promising outcomes and strong base to motivate future researchers to 
be further involved in investigat ing this novel strengthening technique. Continuous 
research efforts on this subject are expected to enrich l i terature related to th is subject 
and to provide code developers with relevant bas ic design information. Some 
interesti ng topics that st i l l  need to be exp lored are h ighl ighted in the fol lowing 
recommendations: 
• Experimental and/or numerical invest igat ions of the influence of bolts type, 
d iameter and arrangement pattern on the performance of the strengthened beams. 
• Experimental and/or numerical investigations of the influence of the width ratio 
between the F RP laminates and the tension flange of the steel beams on their 
flexural behavior. 
• Experimenta l and/or numerical invest igations of the influence of steel beams 
grade and h igh modulus/ ultra-h igh modu lus FRP laminates on the overal l  gain in 
the ul t imate flexural capac ity of the beams. 
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• Experimenta l  and/or numerical invest igat ions of the influence of loading type and 
load appl ication pattern on the response of the strengthened beams. 
• E peri menta l  and/or numerical investigat ions of the efficiency of the current 
technique in strengthen ing corroded or fat igue distressed steel beams. 
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